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. SUMMARY 
This thesis is concerned with the determination of the 
local and average mass/heat transfer--from swirling jets C> impinging orthogonally onto flat surfaces. Application 
of swirl alters the flow field of the' jet considerably 
and eventually the maximum velocity in the jet is dis- 
placed from the axis resulting in a typical 'double-peak' 
profile. Further increase of swirl 
, 
can even result in a 
recirculation in the inner core of the flow. The turbu- 
lence characteristics of the jet are also affected. it 
is expected that these changes will, in addition, modify 
the heat transfer behaviour. 
Consequently, a study of both single free jets and a 
square array (of 3x 3) of jets was undertaken. The 
range of swirls examined in this study was from zero 
through to weak and then medium swirl, i. e. the swirl 
number S was varied from 0 to 0.48. The other paramet- 
ers varied in the experiments were the nozzle-to-target 
spacing z/D from 2 to 12, the nozzle pitches x/D (for 
arrays of jets) which were 3.2,4.8 and 6.4, and the jGt 
Reynolds number. In the single frce jet tests, two flow 
rates corresponding to ReD-": 232pOOO and 60,000 were stud- 
ied whilst, for the 'multiple' jets, the measurements 
were confined. to the lower of these Reynolds numbers. 
(ReD is based on the mean exit velocity in the non-swirl- 
ing case and the diameter of the nozzle. ) 
Limited velocity and turbulence measurements were also 
undertaken on the single jet to characterise the flow 
and also to compare the behaviour of the present jets 
with those in previous studies. The flows were similar 
to those observed previously for swirling jets so that 
the heat transfer results should be generally applicable. 
A 'thin-film' naphthalene sublimation technique was used 
to measure mass transfers over the target surface. The 
heat transfer coefficients were then derived using the 
Chilton-Colburn analogy. A rig was developed to spray 
a uniform coating of naphthalene on the target surface. 
This 'thin-film' technique was found to provide repeat- 
able results and the validity of the experiments was 
-further assessed by comparing the results with previous- ly published data for the no swirl case. These were in 
reasonable agreement. 
For the single free jets, the application of swirl was 
found to continuously reduce the heat transfers. The 
heat transfers, however, became more uniform. 
* 
An empir- 
ical correlation has also been suggested for the average 
Nusselt number associated with these single swirling ' 
jets and is valid for S= 0.12-to 0.48. In some circum- 
stances in the Imultiple1jet tests (e. g. at close nozzle- 
to-target spacings) the average heat transfers increased 
to a maximum of IS =0.24 (approximately). Further in- 
creases in the degree'of swirl brought about a subsequent 
reduction in average heat transferý'coefficients until 
everitually the'performance of the swirling jets was poor- 
er than that of the non-swirling flows. 'This discrepancy 
in behaviour can be explained in terms of changes in the 
local heat transfer distributions. 
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E Hot-wire probe output voltage. El .... E4 refer to the* measuring planes of the probe. 
E Time mean average voltage. max signifies (E +\/]C-, '2) 
and, similarly, Emin ý (E" -vfE__12). El is the f luctu- 
ating component of the voltage. 
Eo Voltage at zero velocity for the hot wire probe. 
f Friction coefficient (Blasius coefficient of friction 
is 4f f= TI 1/1 r V2 
G Directional constant for the IvI direction, (perpend 
icular to the wire). 
G Ratio of the maximum tangential and axial velocities, 
i. e. wffi-, /uff, -... 00 
Gx Axial flux of the linear momentum, see Equation 3.3 
G Axial flux of the angular momentum, see Equation 3.2 
h Heat transfer coefficient, W/m2K. Iho' is the heat 
transfer coefficient at the stagnation point. 'ý' is 
the average heat transfer over a surface. 
H Height of the manometer column in the 5-hole probe. 
Hl ..... H5 refer to the individual apertures on the 
probe. 
Hz Hertz, cycles per second. 
k Thermal conductivity, W/mK 
K Directional constant for the 'w"direction (along 
the wire). 
degrees Kelvin. 
Litres. 
m Mass of naphthalene sprayed., mg. 
Mtan Mass of air flowing in the tangential entry of the 
swirler. 
mtot Total mass of air at the nozzle exit. - 
N Mass transfer flux kg/2 ms 
2 
p Static pressure, N/m 
2 Vapour pressure of naphthalene, N/m Pn 
q Heat transfer per unit area. 
r Radius of the target d/2; radial distance from the 
axis of the jet. 
rp Impingement radius defined by Equation 2.1. 
rms Root mean square of the fluctuating quantity. 
Rn Gas constant for naphthalene vapour, J/kgK. 
s Second. 
S Swirl number, S =2G /GxD 
t Time for the clearance of naphthalene, s 
T Temperature. 
Tn Temperature at the naphthalene surface. 
Tu Turbulence intensity, Tu +v +w 
ue 
U Axial component of the velocity; lum' is the, maximum 
velocity at a section; lumol is the mean nozzle exit 
velocity for the non-swirling jet. 'ue' is the mea- 
sured nozzle exit velocity at the jet axis for the 
non-swirling jet. 
ut Fluctuating value of u. 
uc Velocity of the cross-flowing stream. 
UM-0 Maximum axial velocity at the orifice. 
U Effective cooling velocity. Of Umaxp Umln$ etc. are 
defined in a similar manner as the values of voltage 
E. 
v Radial component of the velocity. 
VI Fluctuating value of v. 
V" Resultant velocity. (u 
2 +v2 +w2 
w Tangential component of the velocity. 'wm' is the 
maximum velocity at a section. 
WS Fluctuating value of w. 
WNO- Maximum tangential velocity at the orifice. 
W Watts. 
x Nozzle pitch. 
Xs Distance along the target surface from the stagnation 
point for the impinging slot jets. 
Xi Lateral distance between adjacent nozzles. 
xj Diagonal distance between nozzles. 
z Nozzle-to-target spacing; distance along the axis of 
the jet. 
zC Length of the potential core. 
Greek Symbols. 
C1 Pitch angle in five-hole probe measurements; phase 
difference between voltages; thermal diffusivities, 
k/pCp* 
St/Stm 
2, Mass diffusivity, m Is. 
C Eddy diffusivity (momentum) 
C Eddy diffusivity (heat transfer) 
CM Eddy diffusivity (mass transfer) 
Dynamic viscosity, kg/ms. 
2 
V kinematic viscosity or momentum diffusivity, m /s. 
3 p Density, kg/m 
Density of air, kg/m 
3 
a Standard deviation. 
T Shear stress. 
Acute angle of the jet inclinatio4, see Figure 2.9; 
yaw angle in the five-hole probe. 
Dimensionless Numbers 
J11 j-factor for the heat transfer, StPr 2/3. 
2/3. JM j-factor_for*the mass transfert 8tm, Sc 
Le Lewis number; (thermal diffusivity/mass diffusivity, 
i. e. a/. 5). 
Nu Nusselt'number, hD/k; Similarly Ru is the average 
Nusselt number corresponding to H and Nuo is the stag- 
nation point Nusselt nuinber corresponding to h., 
Nux, Nud Nusselt number based on the nozzle pitch and the 
.. 
target diameter respectively. 
Ku'., /R-u 
. 
Ratio of Nusselt number for a swirling jet to non- h swirling jet. 
Pr Prandtl number; (momentum diffusivity/thermal diffu- 
sivity, i. e. v/a). 
Prt Turbulent Prandtl numbers c/cH- 
ReD Reynolds number, p. um D/p; Similarlyl Rex is based 
oft nozzle pitch and 
0' 
Umoo 
Reax Reynolds number-based on the arrival velocitys uat 
and the nozzle pitch, Reax= P-Uax/P- 
0 
Be Schmidt number; (momentum diffusivity/mass diffusivi- 
ýy, i. e. v/4). 
Set Turbulent Schmidt numbers c/cM. 
Sh Sherwood number, bl D14. 
St Stanton number, Nu/Re Pr. 
St 
m 
Mass Stanton number, Sh/Re Be. 
Subscripts 
D- Diameter of the nozzle. 
mq Mean at nozzle exit. 
n Mass transfer surface (naphthelene). 
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. CHAPTER 1 
'INTRODUCTION 
The employment of impinging jets can produce high rates of 
, convective heat or mass transfer, see' Table 1.1. Moreover, 
impinging jet systems are also readily controllable so that 
their use has become wide-spread in recent years in indus- 
trial heating, cooling or drying operations. Arrays of 
either circular or slot jets can be arranged to cover'large 
transfer areas. 
t 
. Table' 1.1 
. TYPICAI; CONVECTIVE HEAT 
TRANSFER COEFFICIENTS FOR AIR (Ref. 1) 
2 Natural Convection 3-15 WmK 
Flo,.,., parallel to a surface 15-150 W/m 
2K 
Impinging jets. 75-450 IV/m2K 
Jet impingement heat transfer has also received previous 
attention at Cranfield with the aim of improving the design 
of 'rapid heating' furnaces. Isothermal models (near amb- 
ient temperature) are employed to simulate the furnace cham- 
ber and both circular and slot jet arrangements have been 
studied (Refs. 2-7). The work described in the present thesis 
is part of this programme and is concerned with -the effects 
of swirl on impingement heat transfer rates. It is, thus, 
relevant at this stage to examine briefly the use of impinge- 
ment jets in rapid heating furnaces and o-ther important eng- 
ineering situations. 
JET IMPINGEMENT FURNACES 
Both*ferrous and non-ferrous metals can be heated in 
so-called 'rapid heating' furnaces which utilise 'high 
speed convective heating', see Ref. 3. The necessary 
high rates of convective heat transfer can be obtained 
by either: - 
(a) tangential firing into a chamber which closely 
surrounds the stock, 
or 
impingement of jets of combustion products 
issuing from industrial burners. 
In commercial 'jet impingement' systems, the burners are 
, supplied with a pre-mixed near stoichiometric mixture of 
. 
gas and air, and. combustion is completed within the burner tunnel. The issuing combustion products exit at 
velocities of up to 150 m/s and at temperatures approach- ing the adiabatic flame temperature. The jet velocity is dictated by the 'static pressure within the burner (which is converted into dynamic head upon discharge) and 
the 'flame temperature'. 
Figure 1.1 illustrates the essential features of a-*typical jet impingement furnace consisting of a pre-heat zone 
which recovers heat from the exit gases, a rapid heating 
zone utilizing 'jet-impingementl, *and a soak zone which is 
required to reduce the temperature gradients in the stock. In the rapid heating zone, the forced convection from the impinging jets is the dominant mode of heat transfer. The 
particular features of this heating technique in compari- 
son with conventional furnaces (in which radiative heat transfer dominates) can be summarised as follows: - (see Refs. 8-12). 
1. Convective heating rates are often significantly 
higher so that the period the stock spends in the' 
hot zone of the furnace is greatly reduced. This 
makes jet impingement particularly advantageous 
in applications in which metallurgical problems 
can arise through severe decarburisation, oxida- 
tion, or other phenomena which are dependent on 
the time spent at high temperature. 
2. These high heating rates together with the com- 
paratively low furnace height (dictated by the 
burner to stock spacing) result in a more compact 
furnace for, a particular throughput. 
3. Since the main mode of heat transfer is forced 
convection from the hot gases, such systems do 
not primarily rely on re-radiation from furnace 
walls and these may be readily designed to have 
a low thermal inertia. Therefore, rapid start- 
up or shut-down is possible with the consequent 
beDefit of improved temperature control during 
heating and the possibility of automation. 
4. The directional nature of impingement heating 
permits localised or concentrated heating on a defined zone of limited extent on a component. This can often be desirable in heat treatment 
processes, e. g. in hardening or toughening tool blanks. 
5. Commercial jet-impingement burners are normally 
supplied with gaseous fuels (such as LPG or , 
natural gas) although oil-fired versions have 
-3- 
been tested experimentally. 
6. Available burners have relatively small thermal 
ratings so that the engineering difficulties 
associated with the installation of large num- 
bers of burners have limited the size of 'jet- 
impingement' furnaces. However, when used in 
small furnaces, they result in a simple con- 
struction with low maintenance costs. 
1.2 OTHER USES'OF'JET"'IMPINGEIIENT 
Some of the advantages discussed in the previous section, 
namely the high heat transfer rates which can be Iloca- 
lised' at specific zones on the impingement surface, to- 
gether with the precise control and the ease of automa- 
tion, make 'jet impingement' att -ractive in other indus- 
trial applications. 
Impingement dryers have been used extensively in. the 
paper industry for the past two decades. They are used 
for drying veneer, cardboard, paper and aqueous coatings. 
Drying of tissue paper and towelling material which should 
take place 'uniformly' over the sui-7ace can also be 
achieved by selecting an appropriate array of jets. Ref- 
erences 13-15 should be consulted for further information 
on this subject. 
In recent years, a development programme has been con- 
ducted with the aim of using impingement of air jets*for 
drying ink during printing, see Refs. 16-19. These dry- 
ing operations require high rates of heat and mass trans- 
fer because of the high production speeds of modern print- 
ing machines and the limited length of the dryer. In some 
cases, the speed of the printing process is dictated by 
the rate of drying ink rather than by the printing opera- 
tion itself. 
The impingement cooling of turbine blades and discs is 
also gaining importance (Refs. 20 and 21). Other reported 
uses include spot cooling of electronic components, cryo- 
genic treatment of tumours, and the cooling of glass and 
metals. Thermal surface treatment processes as in temp- 
ering and toughening of metals and glass, together with 
localised heat treatment of plastics and glass plates 
also employ impinging jets. 
1.3 SCOPE AND PURPOSE OF THE PRESENT WORK 
In some jet impingement burners swirl is imparted to the 
combustion products and this can markedly alter the flow 
characteristics of the hot-gas jet (see Refs. 22 and. 23). 
As the degree of swirl is progressively increased, the 
jet spread, the rate of entrainment of the surroundings, 
and the rate of decay of the velocity are all increased. 
-The centrifugal forces set-up by the swirling motion 
produce an adverse pressure gradient alongýihe jet axis. 
Consequently, even' with relatively weak swirl, the maxi- 
mum axial velocity of the' jet is decreased. With a 
higher degree of swirl, the pressure gradient can over- 
come the forward kinetic forces and the flow reverses 
in the central region of the jet. The turbulence and 
the flow characteristics of a swirling jet are also quite 
different from those of the non-swirling case. These 
changes in the fluid dynamics obviously effect the con- 
vective heat transfer, associated with jet impingement. 
Unfortunately, there is a paucity of published data on 
the heat transfer characteristics of impinging swirling 
jets. Perry (Ref. 24) conducted a preliminary study at 
Cranfield using a single jet. The size of the target 
surface in this investigation was relatively small and 
only extended from 0, <r/D, <, 3. The present work along 
with the average heat transfer measurements of Dunn 
(Ref. 25) was undertaken to fill this gap. Dunn's work 
was concerned with average heat transfers from swirling 
jets arranged in arrays of square pitch and is discussed 
later in Section 3.5. 
The present thesis describes measurements of the local 
heat transfer coefficients, both single and multiple (3x 3) 
square array), swirling jets impinging on a flat plate. 
The parameters varied in the study were the degree of 
swirl, the nozzle-to-plate separation, the pitch of'- 
jets and the jet Reynolds number. The range of swirls 
investigated can only be classified as weak or medium 
but covered those of practical interest. The upper limit 
on the swirl number resulted mainly because of the large 
pressure drop in the swirlers at high swirls. Morover, 
there appeared to be little justification for studying 
higher swirls since Dunn (Ref. 25) showed that the heat 
transfers were greatly reduced under these. conditions. 
The variation of no. -zle-to-target seporation was also 
limited to a maximum of 12 nozzle diameters because of 
very low heat transfers at greater spacings (Ref. 25). 
Z/D =2 was considered to be the practical minimum spac- 
ing in any installation. The nozzle pitches (x/D) were 
similar to those studied previously by Dunn for his 
average heat transfer measurements. 
Mass transfer measurements (determination of the subli- 
mation of naphthalene) were undertaken in order to estimate 
the heat transfer .A 'thin-film' technique was employed instead of the more usual profilometric measurements, and 
a special spray rig was developed for this purpose-as des- 
cribed in Chapter 8. The Chilton-Colburn analogy was em- 
ployed to infer the heat transfer coefficient. 
Limited velocity and turbulence measurements using a hot- 
wire anemometer were also undertaken as an aid in under- 
-5- 
standing the heat transfer phenomena. Jet. velocities 
were*also measured with a five-hole pitot probe with 
the'main aim of characterising the swirling jet. It 
was considered that a detailed investigation of the 
flow and turbulence fields lay outside the scope of the 
present work. 
1.4 'LAYOUT OF THETHESIS 
The thesis has been arranged in three parts. The first 
of these is a review section and previously published 
work on jet impingement is discussed. A chapter out- 
lining main feature of swirling flows is also included 
together with a literature review of flow and heat trans- 
fer phenomena associated with swirling jets. 
The second part is concerned with the overall description 
of the experimental rigs and swirlers as used in both 
the single and-multiple jet studies. Details of the jet 
characterisation, i. e. the five-hole and hot-wire probe 
measurements are also presented. A full discussion of 
the velocity and turbulence-results concludes this part 
of the thesis. 
The final part, is concerned with the heat transfer studies. 
The introductory Chapter discusses heat transfer analogies 
and justifies the use of the Chilton-Colburn relationship. 
A second chapter describes the detailed construction of 
the naphthalene 'thin-film' spray rig. The measurement 
procedure and results are discussed in two final chapters. 
Appendices have been included to present further details 
as desired. 
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CHAPTER 2 
THE FLOW AND HEAT TRANSFER 
CHARACTERISTICS OF IMPINGING JETS 
2.1 INTRODUCTION 
As mentioned in the previous chapter, heat transfer from 
impinging jets has been studied extensively in the past. 
Most of the investigations have been concerned with free, 
non-swirling jets issuing from either slot or circular 
nozzles into initially quiescent surroundings. The 
effects of crossflows, jet swirl and confinement have 
only been studied relatively recently. This chapter re- 
views the main flow and heat transfer characteristics of 
both sifigle and multiple jets arranged in arrays. Since 
this thesis is concerned primarily with impingement of 
swirling jets, the fluid dynamics of these systems are 
discussed separately in Chapter 3. Previous heat trans- 
fer studies due to impingement of jets with swirl are 
also described in this latter chapter. 
Selected individual publications are discussed in the 
present chapter, and some of these published data have 
been used for comparison purposes to establish validity 
of the experimental work described in this thesis. 
I 
2.2 FLUID DYNAMICS OF IMPINGING JETS 
2.2.1 Single Jets. 
Fluid jets can be conveniently classified according 
to their geometry, i. e. they are usually either two 
dimensional, long, narrow slot jets or circular axi- 
symmetric jets. Jets can also be classified accord- 
ing to whether they are laminar or turbulent. Most 
jets in practical use are turbulent or, alternatively, 
the initially laminar jet soon becomes turbulent due 
to entrainment of the surroundings. The critical Rey- 
nolds numberfor transition (based on nozZle diameter 
or slot width and the velocity at the exit section) 
is approximately 2,000, see 'ýickers (Ref. 26). A jet 
Reynolds number of 14,000 ensures that the turbu- 
lence is fully developed. 
Figure 2.1 illustrates schematically the basic flow 
characteristic of an impinging jet issuing int ini- 
tially stagnant surroundings in the absence of swirl. 
The flow-field may be divided into the following 
four regions: - 
A flow establishment region which extends 
from the exit of the nozzle to the end of 
the 'potential core'. 
An established flow region in which-velocity 
profiles are similar and the flow is un- 
affected by the presence of the impingement 
surface. 
(iii) An impingement region in which the-flow 
turns through a right angle. A strong 
negative pressure gradient exists at the 
surface of the plate in this region with 
the surface pressure higher than that of 
the surrounding fluid. 
(iv) A wall jet region in which the-fluid flows 
over the plate to produce a boundary layer 
which gradually builds up in thickness. 
The free and wall jets are mainly influenced by vis- 
cous forces'whereas, in an impingement region, 
pressure and momentum forces predominate. 
On leaving the nozzle, the jet entrains the surr- 
ounding fluid so that the velocity near the bound- 
ary of the jet is reduced. The central core is, how- 
ever, not initially affected by this entrainment pro- 
cess and the velocity within tUs area is unaltered. 
This region is referred to as the 'potential. core'. 
At greater distances from the nozzle exit, the pot- 
ential core progressively decreases in width, al- 
though the central velocity is still unaltered. 
Eventually, entrainment effects extend throughout 
the jet which becomes fully established. The length 
of this potential core zone (as measured by previous 
investigators) can vary from 4.7 to 7.7 nozzle dia- 
meter, see Ref. 27. This length has been found to be 
independent of the exit Reynolds number ReD, for a 
fully developed turbulent jet. The reported varia- 
tions in the potential core length can be attributed. 
to differences in the turbulence characteristics 
(and hence mixing behaviour) of the jet rather than 
to experimental error. 
Beyond the potential core zone, further viscous inix- 
ing and entrainment of the surrounding fluid results 
in continual spreading of the jet. The maximum jet 
velocity progressively decreases downstream from the 
jet exit. Figure 2.2 presents the decay of the 
centreline velocity of slot and circular jets. Mix- 
ing is generally more intense for circular jets and 
the'velocity decays (after the potential core) can 
be related to l&/z and 1/z for the slot and circular 
jets respectively, IzI being the distance from the 
nozzle exit along the jet axis. 
The influence of the impingement surface is only ex- 
perienced at a distance of 1.2 jet diameters from 
the surface for a circular jet (Schrader, Ref. 28). 
In this region, the velocity . decreases, the flow 
turns through 90 degrees, and the static pressure 
rises. The centreline velocity of the' jet event- 
ually decelerates to 'zero' at the stagnation point. 
A boundary layer flow (with origin at the stagna- tion point) builds up beneath the outer impinging jet flow. This boundary layer has, been shown to be 
of constant thickness over a near stagnation region 
of 1.2 nozzle diameters by Schrader, after which boundary layer growth occurs. However, later mea- 
surements carried out by Hoogendoorn (Ref. 29) sug- 
gested that for certain cases theýthickness of the layer decreased up to a distance of 0.3 nozzle dia- 
meters from the stagnation point. Wall jet is sub- 
sequently established as the boundary layer builds 
up along the surface of the plate. This wall jet 
region may be divided. into two parts: - an inner layer where the effect of the wall is present, and 
an outer layer which is characterised by the features 
of a free turbulent flow. The velocity at the boun- 
dary between these two layers is, maximum. Further 
details of wall jet flow may be seen in Ref. 27. 
The impingement region can be characterised by the' 
presence of strong negative pressure gradient, and 
Dawson and Trass (Ref. 30) suggested that this region 
can be empirically determined by: - 
0.284 z (2,1) 
where Ir PI is the radial extent of impingement region 
-centred on the stagnation point. 
The above somewhat brief description serves to illus- 
trate the complexity of the flow-fields associated 
with impinging jets, especially if the target is , 
placed near to the nozzle exit. Nevertheless, the 
problem has been given considerable attentionj both 
analytically and experimentally, and Kabari (Ref. 6), 
Hardisty (Refs. 17 and 18), and Gauntner et al (Ref. 
Z7) should be consulted for comprehensive reviews 
of the subject. Empirical velocity relationships for the different regimes have also been quoted in the literature, see for example Schlunder (Rpf. 31). 
Two such typical equations are presented here ' and they express the relationship between the maximum 
velocity of an axisymmetric jet and the velocity at 
another section. Thus: - 
u exp 
[-(r/C 
z)2] (2.2) 
where lum' is the maximum axial velocity at any 
section, Irl is the distance from the axis of the 
jet, and C is approximately equal to 0.1. 
and, 
UM 
=il - 
-exp [-(D/r2-C z)2]1 
1/2 
(2.3) 
UMO 1 
where lumol is the nozzle exit velocity and Cl is 
a constant related to the length of the potential 
core Izc' by: - 
c1=0.102 (4D/z. ) 
Equation (2.2) is valid only for the fully estab- 
lished region discussed previously, while equation 
(2.3) applies from the exit of the nozzle to the 
region where the effects of the impingement surface 
are felt. 
2.2.2 Multiple Jet Systems 
The flow characteristics of individual jets when 
arranged in arrays are generally similar to those 
of single free jets. However, in addition, second- 
ary stagnation zones ensue where the wall jets from 
the adjacent nozzles interact. The flow can be 
further complicated at small nozzle pitches and 
small nozzle-to-plate separations. In large con- 
fined arrays, the 'spent air' from upstream jets 
can affect the flow patterns associated with jets 
further downstream, especially if the system is con- 
fined so that the exhaust is removed from one side. 
The effects of cross flows are discussed later in 
Section 2.3.3. 
2.2.3 Turbulence 
Turbulence levels can considerably af f ect jet im- 
pingement heat transfer, especially in the 'impinge- 
ment region'. The earliest published measurements 
of jet turbulence were carried out by Corrsin (Ref. 32). Some of his results have been reproduced in Figure 2.3 The turbulence intensity (based on the 
maximum velocity at jet exit lumol) increases up to 
an axial distance z/D of 8 and subsequently de- 
creases. However, if luml (maximum velocity at the 
section of measurement) is used as a reference, the turbulence intensity does not show any decrease with 
increasing I z/DI . Recently, Boguslawski and Popiel (Ref. 33) carried out a detailed study on the flow 
structure (velocity and turbulence) in the initial 
flow regions (z/D <10) of free round turbulent jets 
and may be referred to for further details on this 
subject. 
2.3 JET IMPINGEMENT HEAT TRANSFER 
Several authors have published reviews of the heat and 
mass transfer phenomena associated with impinging jets, 
see for example Arganbright and Resch (Ref. 14)-in 1971 
and Martin (Ref. 34) in 1978. In this section, generally 
accepted characteristics of impingement heat transfer 
are described briefly. Contributions of selected indiv- 
idual investigators are examined later in Section 2.4. 
Jet impingement heat transfer coefficients depend on the 
jet flow rate, the shape, size and position of the 
nozzle, and the nozzle-to-plate separation distance. The 
stagnation region heat transfer is also considerably 
affected by the turbulence intensity of the jet. Most 
of the experimental heat transfer data can be correlated 
by an expression of the form: - 
Nu =a (Re) m (Pr) n -: r(Geometry) 
(2.4) 
where a, M, and n are empirical constants (n = 1/3 
usually). The geometrical parameters are usually non- 
dimensionalised in terms of the diameter (or slot width) 
of the jet. 
In the ensuingý discussion, the effects of the geometri- 
cal parameters (e. g. jet diameter, nozzle pitch, and 
nozzle-to-plate distance) are not described separately 
but are included implicitly in the arguments used to dis- 
cuss other aspects of impingement heat transfer. 
2.3.1 Single Jets 
(a) Heat Transfer in the 'Stagnation Region' 
Gardon and Cobonpue (Ref. 35), using circular jets, 
and Gardon and Akfirat (Ref. 36), employing Slot jets, observed stagnation point heat transfers at different Reynolds numbers and various nozzle-to- target spacings (z/D). Although the results for both types of nozzle exhibit similar trends, the 
range of Reynolds numbers covered in the slot jet studies was greater and this data is, therefore, reproduced in Figure 2.4 as an aid for further discussion. 
-12- 
As illustrated in Figure 2.4, the stagnation 
Nusselt number increases with jet Reynolds num- 
bers. It may also be observed that at low Rey-, 
nolds number (i. e. initially laminar jets), the 
stagnation heat transfer is virtually constant at 
separations Iz/bl <5 and, subsequently, de- 
creases. This follows the trends shown by the 
variation of the centreline velocity, see Figure 
2.2. For the fully turbulent jets (ReD > 2000), 
the stagnation point heat transfer coefficients, ý 
increase with increasing 'z/b' (nozzle-to-target 
spacing) upt6 7 to 3.1. At greater spacings, they 
decrease in a continuous fashion. This variation 
in 'Nuo', the Nusselt number at stagnation point, 
with increasing 'Z/b' was explained in a follow- 
ing paper by Gardon and Akfirat (Ref. 37). They 
suggested that the increase in the turbulence in- 
tensity of the jet which occurs up to a 'z/b' Of 
8o*r thereabouts, results in an increase in heat 
transfer coefficients. This increase in turbu- 
lence can overcome the effects of a decrease in 
velocity outside the potential core. The heat 
transfer, however, subsequently decreases as the 
intensity of turbulence (based on the maximum 
exit velocity) and also the velocity of the jet 
decrease. Gardon and Akfirat substantiated their 
arguments by observing an increased heat transfer 
when the turbulence intensity of the jet was in- 
creased artifically. They also demonstrated that 
the artificial increase in turbulence levels at 
the nozzle exit were only effective when the 
target plate was placed at z/D < 8. 
It is also apparent from Figure 2.4 that, at small 
separation distances (z/D < 8) and ReD > 5,500, 
the slot size effects the stagnation point heat 
transfer. This is again attributed to-the differ*-- 
ences in turbulence characteristics of the nozzles 
used. 
Several correlations have been suggested to ex- 
press stagnation heat transfers, e. g. Vallis et 
al (Ref. 38) proposed: - 
= ].. 93 
0.58 0.33 -0.74 Nu Pr (z/D) (2.5) 0 'D 
This being valid for 10 < z/D < 20 and 
3880 < Re D< 23000 
As mentioned earlier, the stagnation point heat 
transfer is dependent on the turbulence intensity 
of the jet and Hoogendoorn (Ref. 29) has suggested 
a relation between the Nusselt number and turbu- 
lence intensity expressed as: - 
Nu 1/2 _0 65 + 2.02 (Tu Re 
1/2 /lCX»-2.46(TuRe 1/2 /looý 
Ö/llea aa 
(2.6) 
where 'Rea' is the Reynolds number based on the 
diameter of the jet and the arrival velocity, and 
ITuI is the turbulence intensity*based on the 
main velocity component. 
This equation is limited to 1< z/D < 10,20,000, < 
Rea <', 90,000, and 97o ,< Tu < 207o. However, it 
phould be emphasised that there was considerable 
scatter in the results. 
The problem of measurement and comparison of stag- 
nation point values can be reduced by studying an 
impingement region whose diameter may be found by 
using Equation (2.1). Vallis et al (Ref. 38) have 
given a correlation. for the impingement zone which 
compares fairly well with the results of earlier 
studies, i. e.: - 
, Nu = 0.225 Re D 
0.68 
Pr 
0.33 (2.7) 
within the following limits: - 
10 < z/D < 20,2 < d/D < 16, and 
5675 4 Re, < 20,680. 
ID/d' is the ratio between the diameter of the 
nozzle and the target over which the values of 
heat transfers are integrated. 
(b) Lateral Variations in Heat Transfers. 
The local heat transfer coefficients show large 
lateral variation, especially at small nozzle/ 
target spacings. This is illustrated in Figures 
2.5 and 2.6 for a 3.2m: m (1/8 inch) wide slot jet 
at ReD ý-- 11,000, as quoted in Ref. 36. In gen- 
eral, the heat transfer coefficients decrease 
rapidly with increasing distance along the trans- 
fer surface from the stagnation point. Further- 
more, the distributions exhibit secondary peaks 
at xs/b =6 (approx. ) for z/b < 6. This is due to 
the laminar to turbulent transition in the bound- 
ary layer of the flow. 
(c) ' A'Vera*ge' He-at' Transfer Coefficient 
Average heat transfer coefficients can be deter- 
mined either by direct measurements or by'inte- 
gration of the local values over the specified 
region. In the case of the single round nozzle, 
the average heat transfer coefficient 'N' can be 
found by evaluating: - 
8/d 2 ld/2 h. r dr 
0 
(2.8) 
Most of the previous investigations have found 
that heat transfer over reasonably large areas 
(e. g. 0<r< 20D) is independent of the nozzle- 
to-target spacings up to about 6 jet diameters 
for circular nozzles, see Refs. (35), (39) and 
(40). Metzger (Ref. 41), however, found that 
average heat transfer decreased monotonically 
with increase of nozzle-to-target spacings for 
their tests on circular nozzles. For slot jets, 
Metzger and Gardon and Akfirat (Ref. 36) found 
that average heat transfer actually increased up 
to a 'z/b' of 8. This was particularly so if 
the averages were determined over small areas 
(e. g. 0< xs/b, <, 4). 
Correlations for the average heat transfer from 
a single jet should always be checked for the 
limits of applicability and the integration range. 
One such correlation for single round jets is ex- 
pressed as: - (Ref. 36) 
N-u = 0.78 Re a 
0.55 (2.9) 
'-provided Rea>,, 1,000 ('Re , is the Reynolds number 
based on the 'arrival veýocityl and 'the nozzle 
diameter), z/D >, 12, and 1<d/D<24 (IdI is the 
target diameter over which the correlation can be 
applied). 
Expressing the correlation in this form avoids- 
the introduction of Iz/DI term since this is im- 
Plicitly involved in 'ua' the arrival velocity 
(see Appendix D). 
Martin (Ref. 34) has proposed a more generalised 
correlation which has been referred to in Section 
10.4.4, while comparing the present single jet 
results with the published data. 
2.3.2 Multi*pl*e'Jet'Systems 
The heat transfer phenomena from arrays of jets 
are qualitatively similar to those of the single 
jets. Secondary peaks ensue, however, as the wall 
jets from adjacent nozzles interact. The effects 
of these interactions are increased when the jets 
are closely spaced or are near t. o the target plate. 
The lateral variations of the local heat transfer 
coefficients from an array of 3.2mm. slot jets, are 
shown in Figure 2.7 (Ref. 36). Generally, for 
z/b< 8, the identity of each jet is unaffected and 
the maximum heat transfers are approximately those 
associated with a similar single jet. The jets 
interact producing a secondary peak in Ih' at a 
position midway between the jet axes. As the nozzle- 
to-ýplateýseparation is increased, jet interaction 
occurs before impingement, resulting in the reduc- 
tion of the heat transfer coefficients. At the lar- 
gest separation studied, the jets coalesce and act 
as a single large jet. The interactions between 
adjacent jets and their effect on heat transfer are 
difficult to generalise, and the reader is rcferred 
to Martin (Ref. 34) for details. 
Two typical correlations for multiple round and slot 
jets from Refs. 35 and 36 respectively are quoted: - 
Nux = 0.286 Re ax 
0.625 
Ofultiple Round Jets) 
(2.10) 
where INux' is the average Nusselt number based oil 
the nozzle pitch IxI, and 'Reax' is the Reynolds 
number based on the 'arrival velocity' and nozzle 
pitch. The correlation is valid for 4, <z/D, < 128, 
2.4 < x/D < 32, and 1P 000 < Rexa,. <_ 300,000. 
Nux = 0.36 Re 
ax 
0.62 
(Multiple Slot Jets) 
(2.11) 
This relation is valid for 8, <z/b, <64,2,000, <Re ax ,< 600,000, and 16 < x/b < 64. 
Other correlations, for multiple round jets are pre- 
sented in Section 2.4, and some of these together 
with that expressed in Equation 2.10 are presented in Figure 2.8. 
2.3.3 Effects' 'of* Crossflows. 
The 1crossflowl or 'spent air' effect which occurs 
due to the removal of the exhaust in multiple jet 
sy6tems generally decreases the stagnation point 
heat transfer and effectively displaces the regions 
of high heat transfer downstream in the direction 
of crossflow due to the jet deflection. The local 
heat transfers upstream of the impingement region 
are generally decreasedýunder crossflows, whereas 
the downstreams are in 
, 
creased. This upstream de- 
gradation and the subsequent downstream enhance- 
ment in the local heat transfer can be explained 
by the flow phenomena. Upstream of the jet, the 
crossflowing stream is decelerated due to the 
ýýo Ckage effect. In the downstream zone, however, 
jet impingement' together with the flushing in- 
fluence of crossflow results, in higher heat trans- 
fer. The net effect on average heat transfer is to 
bring about an overall reduction except at small 
nozzle-to-target spacings (z/D =1 approx. ), see 
Ref. 44. 
The detailed effects of the crossflowing stream de- 
pend on the usual geometrical parameter as well as 
the mass velocity ratio (peuc/pjuj) between cross- 
flow and the jet so that they are difficult to gen- 
eralise. Refs. 6,15,42,43 and 44 can be con- 
sulted for further details. 
2.3.4 Jet Inclination 
-The influence of the inclining of the jet on 
impinge- 
ment heat transfer was studied by Perry (Ref. 45) in 
one of the earliest published papers on impingement 
heat transfer. The heat transfer coefficients were 
determined by means of a calorimeter flush with the 
surface of the plate. This calorimeter, whose dia- 
meter was less than or equal to the diameter of the 
nozzle used (r/D, <, 0.5), was always centred at the 
point of intersection between the jet axis and sur- 
face. With the distance IzI between the nozzle exit 
and this point of intersection kept constant, the 
heat transfer coefficients decreased with decreasing 
impact angle ý, see Figure 2.9. At an angle of 
0= 15 degrees, the heat transfer coefficient was 
found to be about 4376 lower than the corresponding 
one for normal impingement (ý = 90 degrees). 
Korger and Krizek, (Ref. 46) found that, for the slot 
jets, the point of maximum heat transfer does not 
coincide with the point of intersection between jet 
axis and surface. The point of maximum heat trans- 
fer shifts by a length 'AxI towards that part of the 
Jet being deflected in the acute angle (Figure 2.9). 
This length can be determined, for slot jets, approx- 
imately by: - 
Ax =C cot ý (2.12) 
where, C=1.4 (b +O. llz), IbI is slot width, and 
IzI is the nozzle to plate separation. 
, 
Korger and Krizek also found -that the average heat 
transfer was practically independent of the jet in- 
clination for a constant distance IzI within the 
range 300, <ý, <600. This confirmed earlier findings 
by Perry (Ref. 45). 
2.4 REVIEW OF SELECTED PUBLICATIONS ON IMPINGEMENT HEAT 
TRANSFER ' 
Most of the experimental studies on jet impingement heat 
transfer have been concerned with orthogonal impingement 
onto a flat surface. In order to limit the length of 
this present chronological review, only certain of the 
publications have been selected for inclusion. Further- 
more, the studies dealing specifically with the effects 
of crossflow have been excluded, whilst any published 
data for impinging swirling jets is discussed in the next 
chapter. 
-In 1951, Freidman and Mueller (Ref. 47) evaluated average 
heat transfer rates from an array of air jets impinging 
orthogonally onto a flat plate. These arrays were pro- 
vided by several types of distributors consisting mainly 
of holes (orifices) but some of angled nozzles and slots 
(both normal and angled). The parameters varied according 
to the diameter of the orifices (6.3 and 12.7mm), hole 
pitch (free area 'Afl varying from 0.7 to 10.4% with res- 
pective hole pitches of 10.7 and 2.7), plate separation 
(z/D = 4.5 to 17), and air flow rates (Reax = 20,000 to 
140,000). The target plate was heated by steam and the 
heat transfer coefficients were obtained by measuring 
the amount of condensation. The proposed relationship 
between heat transfer coefficients and mass velocity 'Gs' 
for all the tests was: - 
h CG 0.78 
s 
(2.13) 
where ICI was a function of the geometrical configuration. 
For example, C=0.046 for an array corresponding to 12.7 
mm diameter 
* 
holes, A-0* 104 and z/D = 9.5; and C 
0.321 for 12.7 diamefer holes, Af = 0.00628, and z/D 
4.5 
They concluded that the optimal performance, consider- 
ing heat transfer and power consumed, corresponds to 
the perforated plates (holes) having a free area of 2 
to 3 per cent and spaced about 4 to 6 diameters from 
the target. 
Perry (Ref. 45) investigated in particular the effects 
of jet inclination (from 0 to 90 degrees to the horizon- 
tal) on the impingement heat transfer from a single 
round air jet (21.6 and 16.5 mm diameter). The Rey- 
nolds number (ReD) was varied between 11,000 to 30,000 
with nozzle-to-plate separation being greater than 8 
nozzle diameters. Heat transfers were measured using a 
16.5mm calorimeter positioned at the centre. of the tar- 
get plate coinciding with the jet axis. The correlation 
proposed was of the form: - 
0.7 0.33 Nu L=C Re L Pr 
(2.14) 
where the characteristic length in Nusselt and Reynolds 
numbers is the I transducer, diameter. The constant 'C' 
depends on the inclination of the jet (e. g. C=0.1810 
for orthogonal impingement whilst C=0.122 for the jet 
inclined at 30 degrees to horizontal). 
The lateral variations of the heat transfer coefficient 
were obtained by moving the plate relative to the Jet. 
The integration of these lateral variations showed that 
the average heat transfer over the plate was practically 
independent of the jet inclination. 
Thurlow (Ref. 48), commenting on the above-mentioned pub- 
lication, reported that his results on single jets (12.5 
and 25.4mm) conducted at ReD = 22,000 to 60,000 agreed 
generally with those of Perry (Ref. 45). However, he 
favours the use of nozzle diameter in any correlation for 
impinging round jets. He also suggested that, for heat 
transfers at large radial distances from the stagnation 
point, natural convection should also be taken into con- 
sideration, but no values of (r/D) are quoted where 
natural convection should be accounted for. 
Smirnov et al (Ref. 49) investigated heat transfers from 
impinging water jets for ReD = 50 to 31,000. Six diff- 
erent nozzles with diameters ranging from 2.5 to 36.6mm 
were used. The heat transfers were measured on a 48mm 
diameter copper calorimeter. They studied the effect of 
nozzle-to-target spacing (z/D) more closely, and pro- 
posed separate correlations for z/D<0.5,0.5. <, z/D, <10, 
. 
0.5 is of almost and Z/D >, 10. The correlation for z/D, < 
no practical importance and is, therefore, not presented 
here. For the other two cases: - 
0.64 0.33 MU C. Re D. Pr exp(-0.037 z/D) 
(2.15) 
where C =. 0.034 D0*9, where D is in millimeters; 
Valid f or 0.5 < z/D < 10j, 1,600 < Re D< 30,000 and 0., 7, < Pr 
,< 10. 
=C1 (Re D* Pr) 
0.33 
exp(-0.037 z/D) (2.16) 
where C1=0.034 D 
1.3 
where D is a gain in millimeters. 
Valid for z/D >10; ReD and Pr are valid for similar 
ranges as for Equation 2.15. 
The dependence of the heat transfer coefficient on the 
nozzle diameter in the above equations is probably due 
to the differences in the turbulence characteristics of 
the impinging jets. As discussed in Section 2.3.1, the 
region around the stagnation point is particularly 
affected by the jet turbulence and most of the measure- 
ments by Smirnov et al correspond to r/D <2.24, where 
Irl is the target radius. 
Most of the previous investigators, e. g. Perry (Ref. 45), 
employed relatively 'large' transducers to measure local 
heat transfers at the stagnation point and along the sur- 
face of the plate. The heat transfer coefficients near. 
the stagnation point show particularly large variations, 
and these transducers were unsuitable for such measure- 
ments. Gardon and Cobonpue (Ref. 35) successfully mea- 
sured the local heat transfers on a flat plate by em- 
ploying a transducer less than lmm in diameter. Both 
single jet and multiple jet arrays-(square) were studied. 
The jets of air impinged on a vertical 152 x 152mm el- 
ectrically heated plate. Local heat transfer variations 
were measured by moving the plate relative to the jets. 
Average heat transfer was also determined. directly by 
measuring the total power input to the plate. 
They proposed a correlation for stagnation point heat 
transfer as follows: - 
. 
Nu 
0= 
13, FR-eD . (z/D) 
-1. (2.17) 
provided z/D>, 20 and Re D >, 14,000. The constant was later considered to be 407o too high (Ref. 36). 
The correlations proposed for average heat transfer 
from single and multiple jets have already been quoted, 
see Equations 2.9 and 2.10. The parameters varied in 
single jet studies were the'nozzle diameter (D = 2.3 to 9mm), nozzle-to-plate separation (z/D =0 to 50), 
and jet velocity. (corresponding to ReD = 7,000 to 112,000). In the case of multiple jet heat transfers, 
two square arrays of 5x5 and 7x7 jets were examined. 
The parameters varied in these studies were also nozzle 
diameter (D = 1.6 to 12.7mm), n'ozzle-to-plate spacing 
(z/D up to 128), nozzle pitch (x/D = 2.4 to 32) and 
Jet velocity (Rea = 1000 to 300,000). 
Metzger (Ref. 41) was mainly interested in 'spot cool- 
ing' by slot jet impingement. Some experiments on 
circular jets were also carried out., The Reynolds' 
number for the slot jets varied from 3,000 to 8,000 
(based on hydraulic diameter and nozzle exit velocity). 
As discussed earlier in Section 2.3.3, he observed a 
maximum local stagnation point at z/b = 8, probably due 
to the increase of the jet turbulence. He also found 
that the effect of exit velocity profiles on heat trans- 
fer-is very small. The correlation proposed for the 
slot jets can be expressed as: - 
St Re 0.434 0.63 = 0.74 (xs/b) -0.434 (2.18) hyd. - Pr 
where 'St' is the average Stanton number (on the target, 
3., <xs/b, < 50); ýýehyd 's the Reynolds number based on 
the hydraulic lameter of the nozzle exit and U umo - 
The circular jet tests were carried out at a nozzle dia- 
meter of 5mm and ReD = 8,000 to 19,700. Ile observed 
that in the case of the circular jets, the heat transfer 
coefficients show a monotonic decrease with the increase 
of nozzle.: -to-plate separation. No specific correlation 
was proposed, but Equation 2.18 was considered to be 
applicable (approximately) also for circular jets. 
Gardon and Akfirat (Ref. 36) reported local and average 
heat transfer from single and multiple slot jets im- 
pinging normally onto a flat plate. The measurements 
were made by a method similar to that usedby Ref. 35. 
The results were similar to those found previously for 
the circular jets (see also Section 2.3). The proposed 
correlation for slot jets has already been pFesented, 
see Equation 2.11. 
The same authors in a subsequent. paper (Ref. 37) dis- 
cussed the effects of turbulence on the heat transfer 
at the stagnation point. They were able to show that 
the heat transfer, increased with the increase in jet 
turbulence up to z/b = 8. Turbulence could, therefore, 
explain the discrepancies in local heat transfer values 
at the stagnation point observed by several researchers. 
They also explained the phenomena of secondary peaks in 
the lateral heat transfer variations by proposing that 
these were caused by laminar to turbulent transitions 
in the wall jet boundary layer f low. 
Hilgeroth (Ref. 51) employed direct heat transfer mea- 
surements to study circular impinging jets in triangu- 
lar arrays (isosceles). He also studied,, the, effect of 
'exhaust' air on the impinging jets. The parameters 
varied were the nozzle diameter (D = 15 to 50mm), 
nozzle pitches (x/D = 4.5 to 10.5), nozzle-to-plate 
spacing (z/D =2 to 6), and air mass flow rates to pro- 
duce Rex = 40,000 to 300,000 ('Rex' is the Reynolds 
number based on the jet pitch and nozzle exit velocity). 
The proposed-correlation for the average Nusselt number 
(based on the nozzle pitch) was: - 
0 75 0 75 1 -0 2 Nux =0.124 (u 
c 
/U 
mo) 
, Rex * (z/D) ' (2.19) 
where, 1u. 1 is the velocity of the exhaust stream flow- 
ing parallel to the plate, whilst 'umo' is the nozzle 
exit velocity. 
Kercher and Tabakoff (Ref. 42) were mainly interested in 
the 'spent air' effects and evaluated the heat transfer 
coefficient from a square array of round jets impinging 
on a flat surface. This surface was constructed from 
four electrically heated copper plates so that the heat 
transfer associated with particular rows, of jets could 
be determined. The system was enclosed 
, 
on three sides 
and the spent air was exhausted from the 
, 
fourth side. 
This exhaust air thus affected the behaviour of the jets. 
The jet Reynolds number ReD was varied from 300, to 
30,000, and the jet pitches ranged from 3.1 to 12.5 
nozzle diameters by varying jet diameters. In these. 
tests, ýz/Dl, ranged from 1 to 4.8. 
The proposed correlation - 
for the average heat, transfer 
from a row of jets was: - 
m 0.091 0.33 Nu C1c2 Re D (z/D) . Pr 2.20) 
Cll and Iml were functions of the jet pitch (x/D) and ' 
he Reynolds number, and were presented graphically (for 
example, for 3,000 <ReD <, 30,000, m is 0.75 and 0.92 at 
x/D =. 4 and 10 respectively; Cl for these conditions 
was 0.085 and 0.01). The constant C2 is a factor which 
allows for the 'degradation' of, the heat transfer due 
to the flow of 'spent air'. C2 thus depends on the 
position of measurement as well as the other geometri- 
cal factors (C2 varies from 1 to 0.5). The correlation 
also shows an increase in the heat transfer with the in- 
crease of nozzle/target spacings (z/D). However, it may 
be pointed out that the Iz/DIs studied were fairly 
small. 
Ward et al (Ref. 52) were primarily interested'in heat 
transfer at the nozzle plate surface due to 'return', 
flows towards the surface. They employed a mass trans- 
-22- 
fer technique and, to demonstrate the applicability of 
this technique, they initially investigated the average 
mass/heat transfer from an array of round jets. Their 
results correlated satisfactorily with other similar 
studies, and can be correlated as :- 
Nux = 0.2605 Re ax 
0.638 (2.21) 
for the range 1,000 ,< Re ax <270,000; 
2, <, z/D, <12, and 
x/D = 6. 
Chance (Ref. 15ýkaussoed an arrangement similar to that of 
Kercher and Tabakoff (Ref. 42) to --_-ýýstudy heat trans- 
fers from arrays of round jets. The parameters varied 
were the impingement velocity (ReD = 3,000 to 50,000), 
open area (Af = 0.61 to 87o, Af being the function of 
nozzle pitch), jet to surface spacing (z =2 to 8 nozzle 
. 
diameters), orifice diameter (D = 0.125 to 0.613 inches), 
the pattern of the nozzles, and the jet temperature. He 
concluded that the diameter of the orifice or nozzle 
provides the most useful reference length in correlating 
the heat transfer data. ' The effect of IzI was dependent 
on the open area 'Afl, e. g. at Af = 0.697o, the variation 
of Nusselt number was independent of z/D whilst, for all 
larger Af'values, the heat transfer decreased with in- 
creased IzI. This corroborated the findings of Metzger 
and Korstad (Ref. 43) and Freidman and Mueller (Ref. 47) 
but is in conflict with Kercher and Tabakoff (Ref. 42). 
The probable reason for this is the limited region of 
Z/D studied by these. later authors. 
Chance correlated his results in a similar fashion to 
Kercher and Tabakoff. The effects of the crossflow and 
the Reynolds number exponent were also similar. He ob- 
served that heat transfer continued to increase with an 
increase in Af, as was also reported by Kercher and Taba- 
koff, whereas Refs. (43) and (47) suggested an optimal Af 
of 2 to 37o. The reasons for this difference were attri- 
buted to the construction of the experimental set-ups. 
To obtain increased performance at large open areas, the 
cr. ossfiow interference must be minimized by, incorporat- 
Ing wqll-designed exhaust passages. 
Pinally, Chance found that, jet pattern was not very cri- 
tical from the point of view of average heat transfer 
although triangular or square arrays were found to be 
. generally preferable. 
Koopman and Sparrow (Ref. 50) employed a naphthalene sub- limation technique to study the local heat transfer 
', from a row of impinging circular jets. The nozzle-to- target spacings varied from 2 to 10D and jet pitches 
were either at 4 or 6.67D (ReD varied from 2,500 to 10,000). The presence of these adjacent jets was found to depress the stagnation point heat transfer. 
-23- 
Baines and Keffer (Ref. 53) determined shear. stresses 
along the surface due to impingement of a free slot 
jet. Their measurements indicated a minimum at the 
stagnation point with an adjacent local minima. Heat 
transfers were inferred by using Reynolds analogy. How- 
ever, comparisons with previously published data showed 
severe discrepancies. For example, the maximum stagna- 
tion point heat transfer observed by Gardon and Akfirat 
(Ref. 36) at z/b =8 was not apparent and continuous de- 
crease in heat transfer at this point with IzI was 
found. 
Vallis, Patrick and Wragg (Ref. 38) used an electro-chem- 
ical technique to determine the heat transfer on a flat 
plate due to jet impingement. The diameters of the jets 
employed were 3.0,6.0 and 9.0mm, and the Reynolds num- 
ber ReD varied from 3,880 to 23,000, whilst 1z/D1 ranged 
between 5 and 20. Separate correlations were suggested 
for the stagnation'point, impingement and wall jet re- 
gion. The equations expressing the stagnation point and 
impingement heat transfers have already been quoted in 
Section 2.3.1. The authors concluded that the agreement 
between previous heat transfer results and their results 
was good in the region where the fully developed wall 
jet existed with boundary layer characteristics. However, 
significant differences, particularly with respect to 
the exponent on the Reynolds number, existed in the stag- 
nation and impingement region. 
Hoogendoorn (Ref. 29) was interested in the effects of 
-turbulence on heat transfer and used a liquid crystal technique to determine local heat transfer coefficients 
-s. The nozzle diameter was due to impinging air jet 
fixed at 57mm but two different arrangements were used 
to vary the turbulence intensity at the exit section. 
The stagnation point heat transfer were expressed by 
Equation 2.6, see Section 2.3.1. It should, however, 
be emphasksed that there is considerable scatter in the 
data and that the equation only fits the results to 
within ± 8%. 
2.5 SUMMARY 
It is apparent from the previous discussions that 
impingement heat transfer has been studied fairly exten- 
sively, and correlations obtained by different researchers 
agree fairly well in the regions where the effects of 
jet turbulence are not dominant. Thereforc, studies 
carried out at z/D <8 and small target areas (r/D) are 
more dependent on the particular experimental arrange- 
ment (affecting the turbulence characteristics of the 
Jet). 
rct&)ýe more easily ob- In general, average heat transfer 
tainable than the' local variations which, nevertheless, 
are often required. A comparison of the average heat 
transfer correlation for multiple round jets obtained 
by several researchers are presented in Figure 2.8-, 
while a similar curve applicable for single jets is 
presented in Figure 10.28. 
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. 'CHAPTER 3 
. THE'CHARACTERISTICS'OF SWIRLING JETS 
3.1 ''INTRODUCTION 
In a turbulent swirling jet, the fluid is rotated upstream 
of the nozzle exit so that the emerging stream has a tan- 
gential component of velocity in addition to the axial and 
radial components encountered in the non-swirling case. 
This tangential velocity produces radial and axial press- 
ure fields which, in turn, influence the flows. In the 
case of 'strong' swirl, the adverse pressure gradient a- 
long the jet axis is sufficiently large to bring about 
'flow reversal', thus forming an internal recirculation 
zone. Figure 3.1 shows the radial variation of the resultant 
velocity 1ý71 for various degrees of swirl. The typical 
'double peak' radial distribution of the axial velocity 
may be seen at strong swirls. The effect of this double 
peak on the temperature distribution within the jet (in. a 
non-isothermal case) is shown in Figure 3.2 which also 
presents the non-swirling case for comparison. Another 
characteristic of swirling flows is that mixing with the 
surroundings takes place at a faster rate, which in- 
creases the spread of the jet. 
Often in swirling jets, the swirl or tangential velocities 
are of the same order as the axial velocities whilst the 
radial component is negligible. The tangential flow has 
the characteristics of a 'Rankine type' vortex. Thus, in 
the core, the swirl velocity distribution 1w1 resembles 
solid body rotation, i. e. w 1v r; and in the outer region 
it has the form w ý, l/r, i. e. a free vortex. 
'Swirl' is often used in combustion systems since, despite 
the consequent increase in pressure drop, the application 
of swirl to the burner air supply provides a simple means 
of controlling the shape, size and rate of heat release of 
the flame. By variation of the degree of swirl, a long 
narrow 'lazy' flame can change to a shorter, wider and more 
compact flame. This can be particularly useful in certain 
indusirial applications, e. g. a high intensity flame im- 
pinging on raw materials can be desired during the me 
, 
lting 
stage of a process with alteration of the flame shapeto 
provide an atmosphere of reasonably uniform temperature 
. 
in the 'holding' stage (see Ref. 54). Swirl can also affect 
the residence time of the combustion products in the system 
so that it can be used to control pollution. 
3.2 THE GENERATION OF SWIRL 
Swirling flows can be generated by: - 
(a) Pipe bends -a rather weak swirl is created as 
. the' flow moves around a pipe bend. 
(b) Incorporation of a spiral insert in a tube. * 
(c) Rotation of the tube containing the fluid. 
(d) Tangential entry of part of or All the fluid 
into a cylindrical nozzle, and 
(e) The use of guide vanes. 
Swirling flows obtained by using the first three of these 
methods have been employed only for experimental purposes. 
Tangential entry type swirlers are generally used in fur- 
nace systems. Vane type swirlers have been applied as 
flame stabilizers in aircraft gas turbine combustors, and 
can be used equally well in the burners employed in in- 
dustrial furnaces. 
Previous investigators (Refs. 23 and 55) have reported 
that both tangential entry and guide vanes are reasonably 
efficient means (in terms of the pressure drop) of gener- 
ating weak and medium swirls. Mathur and Maccallum, (Ref. 
55) and Kilik (Ref. 56) also observed that hubless swirlers 
were difficult to manufacture and gave slightly unsymme- 
trical flows. In the present study, it was decided to use 
the tangential entry swirler and the advantages of using 
this device are discussed in Chapter 4. 
3.3 CHARACTERISATION OF SWIRL 
Beer and Chigier (Ref. 57) demonstrated thats for a tangen- 
tial entry swirler, once the flow has becomo established 
inside the swirler the axial flux of angular momentum 
IGý' and the axial flux of axial momentum IGXI are con- 
served along the axis of the jet. They proposed a simi- 
larity criterion called the 'swirl number', IS', to char- 
acterise the jet and defined it as follows: - 
2 Gý/Gx D (3.1) 
where IDI is the diameter of the jet and 'Gýl and 'Gx' 
are expressed as: - 
G=C 27r puwr2 dr (3.2) 
0 
D/2 
D/2 2 D/2 Gx=I 2w pur dr + ýS 
27r pr dr (3.3) 
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. Iul, and 'w' are the axial and tangential components of 
. velocity, and IpI is static pressureat any cross-sec- tion of the jet. 
Chigier and Chervinsky (Ref. 58) showed that the axial 
momentum IGxI can also be expressed as: - 
Gx 
D/2 
21r pr (u 
2- jw 2) dr 
0 
This equation is valid if the term 
lu 
, V12 + W12 
2 
(3.4) 
is small and can be neglected, ul, vI and wl being the 
turbulent fluctuations in the axial, radial and tangent- 
ial directions. 
These expi-essions for the momenta can thus be evaluated 
by integrating the velocity and pressure profiles at any 
section perpendicular to the jet axis. 
In the case of vane swirlers, the swirl number can be re- 
lated to the geometry of the swirler, e. g. in hubless vane 
swirlers, the swirl number IS' = 1/3 tan 0, where 0 is the 
vane angle. 
Chigier and Chervinsky also showed that the ratio of the 
maximum values of the axial and tangential velocities at 
the nozzle exit (G = wmo/umo) can be related to the swirl 
number, see Figure 3.3. This can provide a simple method 
of determining IS', provided Iun7O-I and Iwfn-o' can be mea- 
sured accurately. This is obviously difficult for small 
diameter nozzles. 
Swirling flows can be roughly classified as: - 
0<S<0.3 weak swirl. 
0.3 <S<0.6 medium swirl with a character- 
istic double peak axial velocity 
distribution. 
S>0.6 strong swirl - flow reversal 
occurs with the formation of a 
torroidal vortex in the core. 
(V 
12 + W12 
2 
11 
11 
Finally, it should be mentioned that the swirl number 
cannot be regarded as the sole universal criterion for 
characterising swirling jets since the physical shape 
of the nozzle and the method of ' 
generating-swirl can 
also influence the jet behaviour. However, it is the 
most significant criterion for swirling jets produced 
from the geometrically similar generators. 
3.4 'TIIE FLUID DYNAMICS OF SWIRLING JETS '- A REVIEW OF 
. EUTED PUBLISHED WORK. 
The' earliest reference to the use of vane swirlers was 
published by Watson and Clarke (Ref. 59) in 1947. They, 
examined the effects of swirl in a gas turbine combus- 
tion chamber. Mathur and Maccallum (Ref. 55) have pre- 
sented an excellent list of references covering all pre- 
1966 publications on 'swirl'. Syred and Be6r (Ref. 60)' 
have also published an extensive bibliography concerned 
with swirling flows in combustion sys. tems. These two 
references, together with the chapter related to swirl- 
ing flows in Ref. 23, form a suitable basis for studying 
previous work on swirling jets. Thus, in this review 
section, only the works of particular relevance to the 
present study are included. 
In a comparatively early study, Hartnett and Eckert (Ref. 
61) investigated the effect of jet swirl and observed 
that the radial velocities were negligible in comparison 
with the axial and swirl components. They used a tan- 
gential entry swirler in their experiments. 
Rose (Ref. 62) studied the velocity and turbulence fields 
associated with a swirling jet. A weak swirl was gener- 
ated by rotating a 13.5mm diameter pipe (1.35m long) at 
9500 rpm. The jet Reynolds number was approximately 
15,000. Turbulence intensities were measured using a 
hot-wire anemometer. They found that, when compared to 
the non-swirling case, the swirling jet-spreads more, 
rapidly and entrains the surrounding fluid at a groater 
rate. Thus, the mean velocity decays more rapidly and 
there is a greater rate of growth of turbulence intensity. 
Chigier and Beer in 1964 (Ref. 57) studied the velocity , 
and static pressure distributions in swirling jets issu- 
ing from annular, convergent and divergent nozzles. The 
magnitude and direction of the velocities were measured 
with a five-hole pitot probe (see Ref. 63), while the 
static pressures were measured with the help of a disc 
. Static probe (see Ref. 64). The swirl was generated by 
subjecting all or part of the fluid tangentially,, giving' 
swirl numbers from 0 to 1.57. At swirls S>0.6p a re- 
circulation zone was set up near the nozzle exit and the 
size of this region increased with the increase of swirl. 
Figure 3.4 shows typical streamlines obtained at a swirl 
number of S=1.57. They also found that, with an in- 
crease in swirl, the angle of spread of the jet, is in- 
creased and, correspondingly, the decay in the values of 
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the axial, tangential and radial components of. velocity 
along the jet is. greater. The decay rate of the velo- 
cities and pressures tend to be in agreement with the 
form predicted by the theoretical analyses of Loitsyanskii 
(Ref. 65) and Gortler (Ref. 66). Thus, the tangential velo- 
city component decay is a function of (1/z2), whilst the 
axial and radial velocities decay inversely with Z. The 
pressure field decays even more rapidly and is proport- 
ional to (1/z4). 
Kerr and Fraser (Ref. 67) studied the flow field in the 
fully developed region of a jet in which swirl was gen- 
erated by vanes. They suggested that the swirl number 
can also be defined as Torque/Thrust x Radius. Swirl 
numbers greater than 0.8 were difficult to generate with 
their swirler. Velocity measurements were conducted 
using a three-dimensional probe developed by Hiett and 
Powell '(Ref. 68).. 
Chigier and Chervinsky (Ref. 58) carried out an investiga- 
tion of the swirling vortex motion in jets. This paper . 
was based on an earlier report by the same authors (Ref. 
69). The investigation covered weak as well as moderate 
and strongly swirling flows. These swirls were generated 
by a tangential entry swirler, as shown in Figure 3.5. 
The results indicate that jet similarity is achieved at 
axial distances as close as two nozzle diameters for the 
lower swirls. This is appreciably closer to the nozzle - 
exit than for the non-swirling case due to the faster 
breakdown of the potential core. However, with the 
strongly swirling jets, where the maximum axial velocity 
is displaced from the central axis, similarity is only 
achieved after the velocity maxima have eventually con- 
verged on the jet axis. Figure 3.6 presents their radial 
distributions of the axial and tangential velocities. Ref. 
58 also suggested an empirical equation for the axial and 
tangential velocity profiles, and these are plotted in 
Figure 3.6 as the thick lines. The equation for the 
axial profile is similar to that for the non-swirling 
jets which were discussed in Section 2.2: - 
ii/tim = exp (- Ku,. r2 /(: ý + a) 
2) (3,. 5) 
where the distribution constant IKU' = 92/(1 +6S) and 
1Vm' is the maximum velocity at any section, and 'a' is 
the 'apparent' origin of the jet. 
In a further study, the same authors (Ref. 70) also under- 
took velocity and temperature measurements in a series 
of free turbulent swirling flames using swirlers similar 
in. geometry to those used in their ambient temperature 
experiments. The flames were stabilised in the shape of 
an annular ring at an axial distance of four nozzle dia- 
meters from the burner exit. The measurements made in 
this region for three different swirls, i. e. S =0,0.116 
and 0.214, indicate that the decay of the axial and swirl 
velocities was lower for the flames than for the ambient 
temperature jets. Figure 3.7 illustrates the temperature 
field at a swirl of 0.116. 
Mathur and Maccallum (Ref. 55), as well as comprehensively 
reviewing the available literature, compared experiment- 
ally various designs of vane swirler (both hubless and 
annular) and estimated their efficiency in terms of the 
required pressure drop. Their axial and tangential velo- 
city profiles for hubless swirlers are shown in Figure 
3.8. 
Syred, Beer and Chigier (Ref. 71) investigated experiment- 
ally the recirculation zones set up on the central axis 
of a large diameter (17.6cms) burner. Swirl was gener- 
ated by introducing the combustion air into the burner 
body via tangential slots. A strong swirl (S =2.2) was 
thus produced so that the flame and recirculation zones 
penetrated more than two nozzle diameters back inside the 
burner tunnel. The kinetic energy of turbulence encoun- 
tered in this vortex was as high as 1607o. High combustion 
intensity was thus obtained as the fuel/air reactions were 
completed at an axial distance of 1.5-1diameter. 
Pratte and Keffer (Ref. 72) studied the spread of a moder- 
ately swirling jet (S= 0.3). Swirl was generated by rota- 
ting a pipe at 8700 rpm in a manner similar to Rose (Ref. 
62). The Reynolds number was approximately 2300, i. e. 
marginally above that required for fully-. developed-turbu- 
lent fluctuations and Reynolds stresses of the velocity 
field. Most of their observations agreed with those of 
previous researchers with regard to the spread of the jet, 
the decay of velocity and pressure. 
Concurrently with these experimental investigations, a 
number of theoretical analyses of swirling flows have been 
undertaken. Analytical studies mentioned earlier in this 
section, see Refs. 65 and 66, are only applicable to fully 
developed weakly swirling jets with no reversal of flow 
at any station. Lilley (Ref. 73) deals with the computa- 
tion of strongly swirling flows and also quotes other re- 
lated publications which apply numerical methods. 
3.5 HEAT TRANSFER. FROM. SW. IRLING, IMPINGING JETS 
There are only a few references in the literature con- 
cerned with the heat transfer from impinging swirling 
jets. Martin (Ref. 34) in his review of heat and mass 
transfer from impinging jets quotes that "the insertion 
of swirl baffles in a single round jet has no significant 
influence on heat transfer". No other details are given 
and so it is not possible to determine the range of swirl 
numbers to which this refers. 
Recently, Huang et al (Ref. 74) published the results: of 
a numerical study of heat transfer from a partially con- 
fined, laminar, swirling, impinging jet. They undertook 
a parametric study and examined the effects of the varia- 
tion in the nozzle-to-plate spacing, the plate diameter 
(r/D), the jet Reynolds number, the degree of swirl, the 
inlet axial and swirl velocity profiles, and also the 
application of suction/blowing at the impingement surface. 
The use of swirl was found to increase the spreading of 
the jet at a rate dependent on both the swirl number and, 
the inlet swirl velocity profile. At large swirl numbers, 
torroidal recirculation zones were formed at the stagna- 
tion region. these produce an insulation effect and de- 
press the local heat transfer rates. The Stanton number 
(based on the average heat transfer) over the plate dia- 
meter was proportional to ReD 0-56 whereas, in the non- 
swirling case, the appropriate index was 0.5. 
In a previous preliminary study at Cranfield, Perry (Ref. 
24) examined heat transfer from a single impinging jet 
of 50.8mm diameter, and varied the degree of swirl and 
nozzle-to-target spacing. A mass transfer technique 
(based on the sublimation of naphthalene) was employed 
together with surface profilometry to determine local, 
heat transfer coefficients. A very high swirl number 
was claimed, and this was probably due to the unsuitable 
method used to measure the degree of swirl. Velocity 
measurements were not carried out to characterise the 
swirl but rather a single yaw probe. on the central axis 
of the jet was used to measure the 'swirl angle'. The 
target field was very small and covered only a radius of 
three nozzle diameters about the stagnation point. He 
found that the heat transfer for most of the nozzle-to- 
target spacings (z/D =3 -6) increased with weak swirls but decreased with the further increase of swirl. At 
z/D = 2, the lowest studied, the heat transfer remained 
constant for the swirl values. 
Dunn (Ref. 25) measured average mass transfer 
, 
(also 
using naphthalene sublimation techniques) from an array 
(3 x3) of axi-symmetric swirling jets impinging orthogo- 
nally onto a plane surface. The Chilton-Colburn analogy 
was employed to infer the corresponding heat transfer . The nozzle diameter was fixed at 15.9mm. diameter and the 
Reynolds numberp ReD) for the no-swirl case was 13,800. 
The airflow which produced this Reynolds number was kept 
constant in all swirling cases (this simulates a constant 
air/fuel supply to the burner). Dunn varied the nozzle 
pitch (x/D), the nozzle-to-target spacing (z/D) and the 
jet swirl number. It was found that the heat transfer 
were more dependent on 1z/D' than on 1x/D1. The applica- 
tion of swirl to a jet at a small nozzle-to-target spacing 
(z/D < 4) can result in an increase in heat transfer with 
the maximum occurring at swirl numbers between 0.2 and 
0.3. Swirl generally caused significant reductions in 
heat transfer at large z/Ds except at weak swirls. 
Since the present studies of multiple jets were carried 
out on the rig used by Dunn, his results are discussed 
further in Chapter 10. 
3.6 SUMMARY 
Overall, it may be seen that the swirling jets behave 
differently from the non-swirling flow, especially at 
high swirls where the maxima of the axial velocity are 
displaced from the axis of the jet. Swirl also produces 
greater mixing rates and, therefore, the jets spread 
more rapidly and achieve similarity much earlier. The 
turbulence characteristics are also very different so 
that the heat transfer should be correspondingly affected. 
The swirl number and the shape of the exit velocity pro- 
file would have a significant effect on the heat transfer. 
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CHAPTER 4 
SWIRL'ING*JET EXPERIMENTALRIGS 
4.1 INTRODUCTION 
Two different air supply systems were used to provide the 
required flow rates to the single and multiple jet assem- 
blies. The rig employed in the multiple jet studies was 
initially developed by Dunn (Ref. 25) and was used in the 
present investigation after slight modification. 
Of the various available types of swirl generating devices, 
an axial-tangential entry type of swirler similar to that 
shown in Figure 3.5 was chosen. This type of swirler was 
selected, primarily because different degrees of swirl can 
be obtained by varying the ratio between the axial and the 
tangential mass flow rates. Thus, a range of swirls can be 
readily produced from a single swirler. Furthermore, these 
swirlers are relatively easy to manufacture and their 
characteristics are reproducable. These features were esp- 
ecially important in the construction of the number of 
swirlers used in multiple jet assemblies. Hubless vane 
swirlers, which were also considered are, in contrast, often 
difficult to manufacture and can result in non-symmetric 
flows (see Refs. 55 and 56; Section 3.2). Moreover, since 
the degree of swirl is dependent on the vane angle, each 
swirl number would require a separate vane assembly. Thus, 
the number of swirl nozzles would be greatly increased, 
particularly for multiple jet studies, unless more compli- 
cated variable pitch swirlers are used. 
4.2 THE SWIRL GENERATORS. 
Figure 4.1 shows a working drawing of the swirl generator 
used in the single jet studies. Basically, the generator 
can be split into three components, namely, the inner jet 
tube, the outer plenum, and the tangential fluid entry tube. 
The inner pipe was constructed of a 22mm, bore plastic tube, 
and was 292mm-long. Four 4.8mm wide parallel slots, 114mm 
long (equally spaced around the circumference) were mach- 
ined in the central portion of the wall of this inner tube. 
The outer plenum, consisting- of a plastic cylinder (76mm in- 
side diameter and 1400inm long), was then mounted co-axially 
around the inner jet tube to enclose these tangential slots. 
The ends of the plenum were then sealed. The fluid entry 
tube (of 22mm bore and 76mm long) was glued into the outer 
plenum such that it had a tangential entry and was slightly 
inclined to the vertical. The air entering the nozzle tube 
from the outer plenum thus possesses a high circumferential 
velocity so that the swirl number can be controlled by var- 
iations in the tangential and axial air supplies. 
The swirl generators used in the multiple-jet studies were 
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of similar construction and were available from Dunn's 
original rig (Ref. 25). However, they were somewhat 
smaller in size when' compared to, the single jet swirler, 
but were used because'of their convenience and the con- 
sequent savings in time. The inner jet tube in these 
designs was of 16mm bore, mild steel tube 165mm long, 
while the four tangential slots were 2.4mm wide and 38mm 
long. The other non-critical dimensions are illustrated 
in Figure 4.2 A photograph of one of these swirlers is 
also shown in Plate 1. 
4.3 SINGLE JET TEST RIG. 
The layout of the test rig is shown schematically in Fig. 
4.3. Air was delivered from a variable speed centrifugal 
fan rated at 1.5Kw. This was capable of supplying 0.1 
M3/s at 'a pressure drop of 1300mm water gauge, The flow 
was then passed through a water cooler (a cross flow heat 
exchanger) which was used to control the jet temperature 
at or near the ambient value. This total flow was mea- 
sured by an orifice plate mounted in the supply line. The 
flow was then divided into the axial supply and into a 
flexible pipe which was connected to the swirler plenum, 
i. e. the tangential supply. These two separate flows can 
be individually controlled by gate valves. The tangential 
flow rate was also measured by an orifice installation. 
The main or total flow orifice was installed according to 
BS. 1042 (Ref. 75). However, non-standard pipe lengths are 
associated with the tangential flow measuring system so 
that this orifice plate was calibrated with reference to 
the standard BS. 1042 device. 
The whole jet assembly was mounted horizontally on a four- 
wheeled carriage which was traversed on rails to provide 
the variation of nozzle-to-target spacing over the required 
range (i. e. 2< z/D < 12). The target plates used in the 
mass, transfer studies were mounted orthogonaily to the jet 
and they are described later in Section 8.3. 
4.4 MULTIPLE JET TEST RIG. 
The multiple jet test rig is, in many aspects, similar to 
the single jet rig described in the previous section. 
Whilst details of this rig are given in Ref. 25, a brief 
description is presented here for the sake of completeness. 
. The rig is shown schematically in Fig. 4.4. A larger, con- 
stant speed, centrifugal fan (rated at 4 Kw) supplying 
0.6 m3/s of air (at 130mm water gauge) was required be- 
cause of the bigger pressure drop in the multiple nozzle 
arrangement. The air delivered by the fan was cooled to 
near ambient, metered, and divided into two streams as 
in the single jet system. However, these two supplies are 
then fed to individual rectangular flows. The inlet to 
each of these plenum chambers consists of a short length 
of perf orated tube which was f itted with a baf f le plate 
to reduce turbulence and ensure an even supply of air to 
the plenum. In the axial supply system, the upper portion 
of the inner jet pipes of the swirl generators were push- 
fitted into holes drilled in the base of the plenum. The 
horizontal air flow to the swirlers was supplied through 
individual flexible plastic. tubes connecting the outlet 
nozzles on the tangential plenum chamber to the tangential 
entry tubes. The base plate of the axial plenum chamber 
was drilled such that the swirl generators could be arran- 
ged in a 3x3 square array with centre-to-centre spacings 
of 50.8,76.2 and 101.6mm (giving x/D ratios of 3.2,4.8 
and 6.4). Any holes not required during a particular test 
were blocked off. 
The target plate was mounted orthogonally to the axes of 
the jets on a frame constructed from 'Dexion' slotted 
angle. This plate is described in Section 8.3. 
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CHAPTER 5' 
FIVE-ROLE PITOT PROBE MEASUREMENTS 
. CHARACTERISATION OF SWIRL 
5.1 INTRODUCTION 
As mentioned in Section 3.3, the swirling jets are char- 
acterised in terms of the swirl number (S =G4, /GX. R). In 
the case of vane swirlers, the geometry of the vanes may 
be used to predict this swirl number. However, for the 
axial-tangential entry type of swirler, a knowledge of 
the flow field at any one section perpendicular to the 
axis of the jet is necessary to evaluate the fluxes of 
axial and angular momenta. Alternatively, for weak and 
medium swirl (S< 0.6) the maximum values of the axial and 
tangential velocities at exit from the nozzle can be used 
to determine the swirl number (Ref. 58). 
Five-hole spherical pitot probes have often been used to 
determine the flow fields in swirling jets (Refs. 56,57 
and 58). Consequently, a probe of this type of 6mm dia- 
meter was employed in the present study. Since the head 
of this probe was large when compared to the nozzle dia- 
meter, accurate local velocity measurement at the nozzle 
exit plane was not feasible. Therefore, the velocities 
in'the flow field were determined at a section two nozzle- 
diameters downstream from the exit. The resultant pro- 
files for the axial and the tangential velocities were 
integrated to evaluate the swirl numbers. 
5.2 THE FIVE-HOLE PITOT PROBE 
In three dimensional flows (e. g. those with swirl or in- 
volving recirculation), it is necessary to measure both 
the magnitude and the direction of the velocity. The five- 
hole pitot probe operates by measuring the pressure dis- 
tribution around a sphere introduced into the flowing 
stream. Thus, both the magnitude and direction of the re- 
sultant velocity can be determined as well as the static 
pressure. , 
The restrictions on using a 5-hole pitot probe are its 
relatively large size, blockage of the holes, and the 
effects of turbulence in the flow. High turbulence inten- 
sities can effect the pressure readings and the error can 'be estimated from the expression: - 
Pm .2 PS +Cp 102 
where 'Pm' and 'Ps' are the measured and true pressure 
respectively; 172, is the fluctuating mean velocity com- 
ponent; and the constant ICI varies between 0 and 0.33. 
-57- 
Similar equations exist for all three velocity components. 
However, if the turbulence intensities in all three dir- 
ections exceed 20%, these'simple express: Fons do not hold 
and the procedure for making corrections for the level of 
turbulence is involved and tedious. 
5.2.1 Probe Description 
The spherical probe used in the present tests was 
supplied by E. Schiltknecht, Gossau, Switzerland, and 
comprises a 6mm diameter, spherical head with five 
tappings, each 0.5mm in diameter. The distribution 
of these sensing holes (denoted as 1,2,3,4 and 5) is 
such that hole No. 2 lies on a pole of the sphere. The 
remainder of the tappings are equispaced from tapping 
2 and are arranged to form two orthogonal meridians 
and enclose mi angle of 450 in their respective planes, 
see Figure 5.1. 
The tappings are connected via capillary tubes to 
their respective numbered outlet connections. These 
outlets are fixed on to a solid flange for rigidity, 
and connections are then brought out to a multi-leg 
inclined alcohol manometer. The flange incorporates 
a circular, rotatable dial graduated from 0 to 3600 
in steps of 20. A locking device can be employed to 
fix the scale onto the shaft of the pressure tube. 
The zero position on the graduated scale can be align- 
ed with the plane containing tappings 1,2 and 3 by 
means of a sighting mechanism. 
5.2.2 Evaluation of the Flow Velocity and Static Pressure 
-In order to measure the velocity and static pressure 
at a. particular station, the probe and scale are 
aligned as described in the previous section. The 
yaw angle 1V of the flow is thus related to the 
plane passing through tappings 1,2 and 3. Conse- 
quently, the reference plane for the pitch angle 'a' 
is orthogonal to that for the yaw angle. The spheri- 
cal head is then rotated in the guide (i. e. about the 
axis perpendicular to the yaw plane) until the press- 
ures at each of the apertures 4 and 5 are equalised. this situation corresponds to the null point in the 
yaw plane. The pressures indicated by tappings 1', 2 
3 and 4 are then recorded and the yaw angle IV is 
read from the dial (see Fig. 5.1). These readings are 
sufficient to obtain all the velocity components and 
the static pressure at the measurement station. 
The pitch angle 'a' for the flow can be related by 
the following expression: - 
, 
113 
- Hl cX =f (1712 
- HV 
where IHI is pressure differential measured by the 
manometer with reference to the ambient pressure. 
The subscripts correspond to the particular tapping. 
This angle 'a' can be determined from the c. -, il*ibra- 
tion chart for the proble. The flow velocity V can 
be found from: - 
2 ý(Hý H 2' 
kg 2 44 P 
4 
where k24 is a coefficient found from the calibra- 
tion chart and depends on the pitch angle IaI deter- 
minpd previously; IpI is the density of the fluid. 
The axial (u), -radial (v) and tangential (w) velocity 
components are then found from the equations: - 
u=V Cosa coso 
v=V cos a sin 4ý 
sin a 
Figure 5.2 presents the relationships between these 
components and the resultant velocity. 
The static pressure lpl may be found from the re- 
lationship: - 
k pV2 H2 -2 2 
where k2 is again estimated from a calibration 
chart. 
Further details and a sample calculation are given 
in Appendix A together with the calibration chart 
for the present probe. 
5.3 JET CHARACTERISATION 
In general, to characterise the swirling jet it is nece- 
ssary to obtain radial profiles of velocity and static 
pressure. However, in the present case, an approximate 
method using only the axial (u) and tangential (w) compon- 
ents of velocity was used (see Section 3.3). The five- 
hole probe was mounted on a slide mechanism so that it 
I 
i 
could be traversed along an axis parallel. to the diameter 
of the nozzle. This traverse was carried out at a dis- 
tance of two nozzle diameters from the 'exit and this sta- 
tion was chosen to avoid any recirculation effects due to 
the swirl, as recommended by Syred et al (Ref. 71). The 
procedure outlined in the previous section was employed 
to yield the velocities lul and IwI . 'ý Measurements were 
made at radial steps of 1.6mm and the whole width of the 
jet (taking into account it's spreadij was traversed. 
The Jet swirl was varied by altering/ the ratio of the tan- 
gential and axial supply flow rates' to the jet. At each 
flow condition, the swirl number W, as evaluated by using 
numerical integration to calculate the momenta of axial 
Gx and tangential flux, GD. 
-The 
expressions used to de- 
termine Gx and Go are given-in Section 3.3. Measurements 
were undertaken for mass flow ratios, mtan/mtot, of 0.23, 
0.4$ 0.53,0.74,0.89 and 1 for a total flow rate corres- 
ponding to a jet Reynolds number of 60,000 in the 'no 
swirl' case. A lower Reynolds number of 32,000 was also 
investigated but, in this case, only the ratios mtan/mtot 
of 0.33,0.5,0.83 and 1 were studied. 
5.4 RESULTS AND DISCUSSION 
Typical axial and tangential velocity profiles are pre- 
sented in Figures 5.3 and 5.4 for ReD= 60,000, and in Fig, 
ures 5.5 and 5.6 for ReD= 32ý000. The axial veloci"L. -y pro- 
files were essentially of Gaussian form for the swirl num- 
bers from 0 to 0.36. At higher swirl number (S = 0.48)t 
a central trough appears as the maxima in the jet velocity 
are displaced from the central axis. The tangential velo-r 
city curves show the typical characteristics of a Rankine 
vortex, i. e. a free vortex in the outer region with a 
forced vortex at the core. 
The present results are similar in trend to those obtained 
by Dunn (Ref. 25) which are illustrated in Figure 5.7. The 
general characteristics of the present results also show 
good similarity to the published data of Mathur and 
Maccallum (Ref. 55), see Figure 3.8. 
The jet velocity profiles'were essbntially symmetrical 
about the longitudinal axis so that numerical integration 
of the velocity profiles was readily carried out. However, 
velocities (V) of less than 3 m/s were difficult to mea-, 
sure with the present manometer. Thus, the velocity curves 
were extrapolated near the edges of all the jets and also in the central regions (for the lul curve) for S=0.48. The errors introduced by these extrapolations into the 
integration procedure for Gx and GD were negligible since 
the areas under the velocity curve in these regions were 
relatively small. Complete details of the integration 
technique together with a sample calculation are presented in Appendix A. 
The calculated swirl numbers are 'plotted against the 
fractional tangential flow rate (i. e. ratlos of the tan- 
gential mass flow rate to the total flow rate# mtan/mtot) 
in Figure 5.8 which also presents' curves obtained by 
other investigators (Refs. 23 and 25). 
It is apparent from the results that in the present study 
the swirl number of the flow may be readily controlled by 
adjustment of the air supply to the axial and tangential 
ports of the swirler. Furthermore, for the limited range 
investigated in the present study, the characteristics 
of the swirlers are independent of the flow Reynolds num- 
ber. A similar observation was also reported by Beer -and 
Chigier (Ref. 23). The differences in the swirl charact- 
eristic of the various swirlers are probably due to diff- 
erances in their geometries. For example, the two swirl- 
ers used, by Dunn (Ref. 25) and the present investigator, 
though similar in construction, had different types of 
slots; parallel slots were employed in the present work, 
whereas tangential entry slots were used by Dunn, see 
Figures 4.1 and 4.2 The tangential slots would be more 
efficient in maintaining the swirling flow so that this 
device would generate higher swirl for the same fraction- 
al tangential flow (mtan/mtot), see Figure 5.8. 
The calibration curve presented by Dunn (Ref. 25) is for 
one of the 16 swirlers constructed for the multiple jet 
investigation. ý Since these swirlers have been used in 
the present multiple jet studies, it was thought desirable 
to check the reproducibility of the swirl generated by 
. various individual swirlers. The lul and IwI curves for three such swirlers (selected at random) were integrated 
at a particular Mtan/mtot, see Figure 5.9. The resultant 
swirl numbers were 0.54,0.55 and 0.56. These valueý de- 
monstrate that for all practical purposes the swirl gen- 
erators were mutually interch an go able and their charact- 
eristics can be represented by a single curve as shown in 
Figure 5.8. 
The effects of turbulence on the velocity measurements 
. are 
difficult to assess. However, ýcomparison of the pro- files obtained by the five-hole pitot probe with those 
obtained later by hot-wire anemometry show satisfactory 
agreement (see Figures 6.14 and 6.15). The two other re- 
strictions mentioned in Section 5.2, namely blockage of the holes and the size of the probe head, were not a pro- blem since the air jet was dust-free and measurements 
were not taken near the nozzle exit. It can therefore, be concluded that five-hole pitot probe can 
Le 
used 
successfully to obtain the flow velocities in swirling jets. 
Since the velocities and turbulence intensities in the 
swirling jets were also measured by hot-wire anemometry, further discussion has been given at the end of the next chapter, see Section 6.7. 
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-CHAPTER 6 
. HOT-WIRE ANEMOMETRY 
6.1 'INTRODUCTION, 
The rate of heat- transfer in the impingement region-of a 
jet is dependent on the turbulence characteristics of the 
flow. The application of swirl changes these character- 
istics so that it was considered necessary to measure tur- 
bulence levels in the present jets. Detailed measurements 
of turbulence in three dimensional flows (such as those 
associated with swirling jets) are complicated and lie 
beyond the scope of the present work. Therefore, only 
limited measurements were undertaken for the single jet 
set-up., The resultant knowledge of the turbulence char- 
acteristics has been used as an aid in interpreting the 
heat transfer results near the stagnation point. These 
heat transfers, if quoted without any reference, to the 
turbulence levels, can be misleading. 
Several techniques have been developed for the investiga-- 
tion of turbulent flow fields including hot-wire, pulsed- 
wire and Laser-Doppler anemometry and also Glow and 
Corona discharge methods (Ref. 76). Amongst these, the 
use of hot-wire probes is established and used most extpn- 
sively, although of late Laser-Doppler techniques are finding 
increasing applications. A hot-wire anemometer has been 
used in the present work, mainly because of its availabi- 
lity and relative ease of operation. Refs. (56) and (77) 
have employed this instrument at Cranfield whilst investi- 
gating swirling and recirculating flows. These workers, 
together with Ref. (76), may thus be consulted for the de- 
tails of this technique. However, in this chapter the 
basic principles and method of application of the hot-wire 
anemometer are discussed briefly for the sake of complete- 
ness. 
The use of the anemometer to measure the turbulence levels 
-also yields the components of the flow velocity vector. 
These results thus provided corroboration of the earlier 
five-hole probe measurements as well as offering addition- 
al data concerning the rate of decay of the velocity along 
the jet axis. 
6.2 BASIC PRINCIPLES OF HOT-WIRE ANEMOMETRY. 
The hot-wire probe essentially consists of a very thin, 
electrically heated tungsten wire (approximately 5pm in 
diameter) supported between two prongs (see Figure 6.1(a). 
The basic principle of the instrument is that the rate of heat transfer from this wire can be related to the fluid 
Velocity. The mean and the r. m. s. value of the fluctuat- ing rates of heat transfer are then indicated in the form 
of two separate -voltages. 
The probe head (i. e. the 
wire and the supporting prongs) is normally sufficiently 
small so as not to cause any serious disturbance to the 
flow. Furthermore, the probe has a short response time 
and this, together with its sensitivity, renders it 
suitable to measure 'instantaneous' velocities in turbu- 
lent flow fields. 
The electrically heated wire is made one of the arms of 
a Wheatstone Bridge. The system can be operated in 
either the constant current or the constant temperature 
(resistance) mode. This latter mode of operation is 
widely used since the constant current technique results 
in considerable fluctuations in tile wire temperature, 
thus disturbing the calibration. Moreover, the frequency 
response in the constant current mode is limited by the 
thermal inertia of the wire. Details of the constant 
current mode of operation are presented in Ref. (76). 
By operating at a constant wire temperature (resistance), 
the effect of the thermal inertia of the probe is mini- 
mised. Figure 6.2 illustrates the connections for a hot- 
wire device operated in the constant temperature mode. 
The probe resistance and, hence, its temperature is kept 
constant by maintaining the bridge in balance. Any in- 
stantaneous out-of-balance in the bridge generated due to 
the fluctuations in the flow is rapidly corrected by the 
amplifier circuit. The amplifier is polarised so that a 
decrease in the probe resistance due to extra cooling 
results in an increase in the amplifier output current. 
The square of this current, or its associated voltage 
drop, is a measure of the rate of power dissipation from 
the wire. The feedback principle used in the anemometer 
makes it especially suited for the measurement of high 
frequency flow fluctuations. Without this feedback, the 
upper frequency limit is restricted to about 100 Hz by 
the thermal capacity of the probe. This response is im- 
proved to an upper frequency limit of 85 KHz for a 5pm 
tungsten probe in system's with feedback. 
For a particular probe at a constant temperature, the 
convective heat loss from the wire depends on the surr- 
oundi. ng fluid velocity, density and temperature. If the 
density and temperature are constant, the probe heat 
loss is a function only of the velocity of the fluid. Jn 
principle, this rate of heat loss can be related analy- 
tically to the velocity from a knowledge of the momentum 
and energy equations for a two-dimensional laminar flow - 
around an 'infinitely' long circular wire. However, the 
actual heat transfer-velocity relationship deviates from 
this ideal due to the fini 
, 
te l/d (length/diameter) ratio 
of the wire, the conductive heat leak to the prongs, and 
also due to natural convection and radiation effects. 
Furthermore, the probe geometry is subject to slight 
variation during manufacture so that a universal'calibra- 
tion cannot be applied. Thus, for each individual probe 
the relationship between 'the rate of heat loss and the 
flow velocity is obtained experimentally. 
The earliest type of relationship discussed in the liter- 
ature is King's law (Ref. 78), namely: - 
Nu = A+ Bu0.5 (6.1) 
A and B are experimentally determined constants and the 
Nusselt number, Nu, is a measure of the rate of heat loss. 
Since the heat loss in the hot-wire is measured in the 
form of a voltage, King's law can be re-written as: - 
-E2= A' +BI u 
0.5 (6,92) 
The validity of the dependence of the heat transfer on 
the square root of the velocity has been the subject of 
subsequent investigation (Ref. 76). An improved expression 
has been suggested, namely: - 
E2=ýa+b (6.3) 
where Iul is effective cooling velocity normal to the 
wire, and In' is a constant varying between 0.45 to 0.5 
over a wide range of Reynolds numbers. 
As a further improvement, Siddall and Davies (Ref. 79) have 
proposed the use of a second order equation so that: - 
E2= a' +bl ul + cl u (6.4) 
This relationship was found to provide a better fit over 
a wider velocity range (0 -160 m/s). 
The hot-wire probes are directionally sensitive, i. e. 
their calibration is dependent on the orientation of the 
probe. Various emperical relations, e. g. the cosine law, 
have been proposed to relate the 'effective cooling velo- 
cityl. to the velocity components in the flow field. For, 
the generalised three dimensional case, the effective 
cooling velocity can be expressed by the relationship: - 
u2=u2 +G 
2v2 
+K 
2w2 (6.5) 
where lul, fvI and 'w' are the three velocity components; 
G and 'K are probe constants 
in the IvI (perpendicular to 
the wire) and Iw' (along the wire) directions respectively. 
For the miniature DISA probes, G and K are -typically 
around 1 and 0.25 respectively. 
6.3 * USE' OF HOT-WIRE' ANEMOMETRY 'IN FLOW FIELDS. ' 
The hot-wire 'probe responds according to the relation- 
ship of thd form: - 
IE 
2=f (U) 
where f(U) is the function containing the experimentally 
determined calibration constants for the probe. 
Various types of probes can be used to evaluate the tur- 
bulence properties (depending on the flow f ield. and the 
information required). The-simplest is the measurement 
of turbulence in one-dimensional flow with turbulence 
intensities less than 2076. In these cases, a single 
straight wire probe is employed, see Figure 6.1(a). The 
turbulence intensities and the mean velocity can be found 
(assumifig King's law applies) by the following expre- 
ssions: - 
12 4 -E E2 -A U- 
22 and B u -Eo 
where U is the mean velocity, E is the probe mean 'output' 
voltage, (UtT-)i and (T_Z)i are the r. m. s. values of velo- 
city and voltage, and the. subscript 101 refers to the zero 
velocity condition. 
In the case of two dimensional flow situations (e. g. in 
boundary layers) where ; _- 12 and (777 ), 'j/U are required, (u 
the so-called 1XI type of probe (Fig. 6.1(b)) can be em- 
ployed. Separate anemometer units are required for each 
wire of the probe which is orientated so that the velo- 
city 'U' bisects the angle between the wire. The details 
of the use of this type of probe can be obtained from ' 
Klatt (Ref. 80). -The slanting 450 type probes (Fig. 6.1(c)) 
can also be used to study these flow fields (Ref. 81). 
In more complicated cases, such as swirling flows, a 
direct approach using a three dimensional probe (Fig. 
6.1(d)) can be used. This probe has three mutually per- 
pendicular wires each connected to a separate anemometer 
unit. Inaccuracies can arise due to interaction of the 
thermal wakes unless the mean velocity vector lies within 
the octant formed by the wires. This method can be un- 
attractive because of its comparatively low spatial. sen- 
sitivity, the necessity for pre-knowledge of the flow 
field, and also the need for three anemometer units. 
Methods requiring several orientations of the probe at a 
particular station have also been developed. Two such 
examples (developed to study highly turbulent flows) 
using this technique are discussed in Refs. (82) and (83). 
Two probes are used, a 45 0 slanting probe together with 
a straight probe. The Instantaneous velocity vector is 
calculated from 'a set of six measurements (six orienta- 
tions). The' disadvantage of these Ire-orientation tech- 
niques' may be summarised as follows: - 
(i) The flow state may alter during the measure- 
ment. 
The two probes may not be placed at exactly 
the same station after re-orientation, and 
(iii) The method assumes that all six voltages are 
regular,. are of similar frequency distribution, 
and are in phase. 
Hoffmeister (Ref. 84) has discussed a method whereby a 
single 'slant wire' probe can be employed to determine 
the three velocity components and all six Reynolds stress- 
es by rotating the probe to successive orientations. 
Beer and Chigier (Ref. 23) suggested using a single straight 
wire probe at four different orientations. This method 
was selected for the present work because of its relative 
simplicity since it utilizes only a single probe/anemome- 
ter unit. This method requires at least a broad knowledge 
of the f low field so that the probe can be aligned such 
that the main velocity component is always perpendicular 
to the hot-wire. In the present work, the five-hole probe 
measurements provided this initial velocity information. 
6.4 THE TECHNIQUE USED IN THE PRESENT STUDY. 
As mentioned in the previous Section, a simple straight 
probe was employed at four different orientations. This 
method assumes- 
The turbulence is 'stationary', i. e. the state 
of the flow at a point in the field does not 
change from one orientation to the other. Addi- 
tionally, the flow should be homogenous and at 
a constant temperature. 
The voltage signal at each measurement is 
assumed to be of similar wave form and fre- 
quency. The shape of the wave form (assumed 
square in the present case) makes little 
difference. 
The relationship between the voltage drop 
along the wire and the effective cooling 
velocity normal to the wire is assumed to 
obey King's Law. 
The effective cooling velocity is expressed 
by Equation 6.5 (Section 6.2). The compon- 
ent Iul is the largest component of the 
velocity vector and the probe is aligned 
so as to be perpendicular to this component. 
The determination of the velocity components and turbu- 
lence intensities are described in detail in Ref. (23). 
However, a brief description of the response Equations 
and the evaluation of the velocities and turbulence is 
given in Appendix B. 
6.5 EXPERIMENTAL PROCEDURE 
6.5.1 Setting-up' of'_ the hot'-wi'r'e' 'p*r* be. 
The probe used in the present tests was a DISA 55P11 
probe with a single, straight, 5pm diameter tungsten 
wire as the sensing element. This was used in con- 
junction with the following DISA equipment: - 
a 55 D01 type anemometer. 
a 55 D31 DC digital voltmeter. 
a type 55 D35 r. m. s. voltmeter. 
ýa 55 H30 shortening probe, and 
a 55 D25 auxilliary unit which was applied in 
the square wave test. 
The hot-wire anemometer was operated in the constant 
temperature mode according to the instructions of 
DISA operating manual (Ref. 85). The probe is oper- 
ated at a temperature of about 300C. A square wave 
. 
test was performed initially to check for any osci- 
llations generated by poor bridge balance or by the 
choiqe of an unsuitable amplifier bandwidth. The 
upper frequency of the probe response in the present 
tests was found to be about 40 KHz. 
6.5.2 Probe Calibration 
Before carrying out the experimental measurement on 
the swirling jets, the hot-wire probe was calibrated 
t'o determine the constants in the King's Law expre- 
ssion, see Section 6.2. This was achieved by placing 
the hot-wire probe adjacent to a small pitot probe 
in the potential core of a low turbulence jet (turbu- 
lence intensity about 2%). The rate of flow and, 
hence, the velocity of the jet was varied and the 
corresponding voltage noted. Figure 6.3 presents 
the resultant plot between the square of the voltage 
and the square root of mean velocity. The values for 
A' and BI were found by a curve fitting procedure 
(based on the least squares method) and were 7.58 
and 2.64 respectively. The range of velocity over 
which Equation 6.2 applies satisfactorily varies 
froml - 50 m/s. 
6.5.3 ' Di*rection Sensitivity' *Of' th*e* Probe. ' 
Tests were also carried out to determine the direc- 
tional sensitivity of the probe in the yaw and 
pitch directions. These measurements were also made 
'in the potential core of the jet and the resultant 
probe voltage drops were plotted against the jet 
velocity. Values of the constants G and K in Equa- 
tion (6.5) were determined by comparison of the 
velocities producing a particular voltage, as shown 
in Figure 6.4 For the probe used in this investiga- 
tion, G=1, . 023 and K=0.26, and these are similar to those quoted for DISA miniature probes (see Sec- 
tion 6.2). 
6.5.4 Measurements' in' 'the' Swirling Je't*s' '('si*n'gl'e' 'Jet). 
The hot-wire probe was mounted on a slide mechanism 
and traversed along a radial line across the jet. 
The probe was held so that the wire was perpondicu- 
lar to the axis of the jet, i. e. perpendicular to 
the main velocity component. The mean voltage (D. C) 
and the fluctuating voltage (r. m. s. ) were recorded 
at each measurement station with probe orientation 
of 0,45,90 and 135 degrees, see Appendix B. 
The swirl was varied in steps from 0 (no swirl, case) 
to 0.48 (the maximum swirl) for both the Reynolds 
numbers employed in this work. Nozzle-to-target 
spacings (z/D of 0,, 2ý 4 and 8 were studied for ROD 
= 32,000 and 0,2 and 4 were investigated for ROD 
60,000. These latter readings were used basically 
to confirm the trends found at the lower Reynolds 
-number. The traverse at each plane covered the whole 
radial field of the jet (including the spread). 
A 650 step programme was written for a WANG 600 pro- 
grammable desk calculator to calculate the velocities 
lut ýI , 'vI and 'w', and the turbulence components u-, 
V12 and 7-2-irom the four sets of values for the mean 
-and r. m. s. voltages at each measurement station. 
6.6 RESULTS AND DISCUSSION 
As mentioned previously, the measurements of velocity and 
turbulence intensity were of a limited nature and did not 
allow detailed comparisons with previously published data. The similarity equations quoted in the published litera- 
ture were also often not applicable since many of the pre- 
sent measurements were undertaken relatively near to the 
nozzle exit. In this region, the velocity and turbulence 
of the nozzle so that similarity is not yei established. 
Intensity profiles are dependent on the type and geometry 
However-, the present results are 'se If -cons i stent and - 
limited comparisons have been drawn wherever possible. 
The present jets were 'essentially symmetrical so that, 
in general, results are 'only predented for one-half of 
the f ield. 
6.6.1 * Ve'locit ' Measurements 
Radial distributions of both axial and tangential 
velocities are presented at different axial distances 
from the, nozzle exit for jets of varying swirls in 
Figures 6.5 to 6.10. These velocities have been 
normalised by dividing by the centreline nozzle exit 
velocity (in the non-swirling case). The radial dis- 
tances from the axis of the jet have also been nor- 
malised in terms of the diameter of the jet. Results 
are presented for both the jet Reynolds numbers ex- 
amined in this study (i. e. ReD ý 32,000 and 60,000). 
The velocity profile at the exit section, for a non- 
swirling jet, is of the form expected for a turbulent 
jet, see Figure 6.5. Moreover, it is also apparent 
from this same diagram that, as the swirl number is 
increased up to about 0.36, the axial component at 
the nozzle exit of the velocity is relatively un- 
affected. This has also been observed by Rose for 
S=0.23 (see Fig. 25, Ref. 62). At the maximum swirl 
presently studied, S=0.48, the shape of the jet 
exit velocity is shifted from the axis of the jet, 
thus resulting in characteristic 'double-peak"' pro- 
file. 
Downstream from the nozzle exit at z/D = 2s the diff- 
erences between the swirling and non-swirling jets 
are more apparent even at the lowest value of swirl 
number, S=0.12, see Figure 6.6. The velocity pro- 
file becomes flatter as the swirl number is increased 
up to S=0.36. The 'double-peak' is still present 
at S=0.48, although it is somewhat less pronounced. 
At z/D = 4, see Figure 6.7, these trends are contin- 
ued and, even for the highest swirl number studied 
(S = 0.48), a virtually flat velocity profile is ob- 
served. The potential core still. exists in the non- 
swirling case so that u/ue = 1. However, this ratio has been reduced to 0.6 for S=0.12 and to 0.25. at 
the maximum swirl. At z/D =8 (Fig. 6.8), the flat- 
ness of the profiles of axial velocity are even more 
apparent. Similar characteristics are also displayed 
in the presentation for ReD -"= 60,000, see Figures 6.9 and 6.10. 
Apart from -the change in the shape of the axial velo- 
City profile, Figures 6.5 to 6.8 also show that, in 
the non-swirling jet, the potential core ceases bet- 
Nveen z/D =4 and 8 (i. e. probably at, z/D =5 approxi- 
Mately). This is in accord with the observations of 
earlier researchers (see Gauntner et al, Ref, 27). 
However, with the swirling jets, the more rapid 
rate of mixing results in an earlier breakdown of 
the potential core so that, even with swirl number 
S=0.12 (i. e. the lowest studied), the value of 
maximum velocity has decreased to about 0.9 ue at 
z/D = 2. This corroborates the observations of 
Chigier and Chervinsky (Ref. 58) who found that the 
potential core is non-existent at about z/D =2 
even at weak swirls. 
Radial variations of the tangential (or swirl) velo- 
city for various swirls at Rl*ýýD = 32,000 are pre- 
sented in Figures 6.11 to 6.13 at z/D = 0,2 and 4 
respectively. The values at the nozzle exit, see 
Figure 6.11, show considerable scatter. This large 
scatter is probably in part due to the limitations 
in the measurement technique which requires align- 
ment of the probe perpendicular to the greatest 
velocity component. At the exit plane (especially 
for the higher swirls), the tangential velocity could 
be of the same order as the axial velocity so that 
this requirement is difficult to fulfil. Moreover, 
the radial rate of change of the tangential velocity 
can be high at the nozzle exit with consequent errors 
in hot wire response. The expected typical char- 
acteristic profile of the swirl velocity 'w', (i. e. 
the Rankine type of vortex), can be seen in Figures 
6.11 to 6.13. Near the axis of the jet, IwI varies 
as in a forced vortex (w a r), and in the outer re- 
gions (r/D > 0.25), it varies as in a free vortex 
(w a 1/r). The swirl component decays rapidly along 
the jet axis so that at z/D = 8, the velocities are 
fairly low (1 m/s or less) and it is difficult to 
distinguish the effects of changes in swirl. Thus, 
these distributions are not illustrated. The varia- 
tion in tangential velocity at the higher Reynolds 
number (60,000) exhibited similar trends to those 
reported at ReD = 32,000 and have, therefore, also 
not been presented in this thesis. 
The present hot-wire resultsand those obtained 
earlier by the five-hole probe measurements are in 
good agreement, see Figures 6.14 and 6.15. The 
comparatively small differences in the profiles can 
be attributed to experimental error. These differ- 
ences in the velocity profile, however, would not 
seriously affect the calculation of the swirl num- 
ber. This was found to be the case when the slight- ly different velocity profiles for the three multi- 
ple jet swirlers were integrated in the previous 
chapter, see Figure 5.9. 
To determine the 'apparent' origin of the jet, the inverse of the maximum velocity (1/um) was plotted 
, ýgainst z/D for the jets of various swirl numbers, 
, gee Figure 6.16. Extrapolating the non-potential part of these plots indicated that the or , 
igin I a' 
was 1.8 nozzle diameters upstream of the nozzle 
exit. The position of this 'origin' of the jet was 
independent of the degree of swirl as reported pre- 
viously by Ref. (58). Figure 6.16 also illustrates 
the differences in the mixing characteristics of 
the jets due to variation in swirl. The rate of 
mixing, as discussed earlier in this Section, in- 
creases as the degree of swirl is increased, e. g. 
at z/D = 4, for S=0, the centreline velocity has 
not decreased whereas, for S=0.36ý it has, already 
been reduced to 0.41 Ue- 
The relative rates of decay of the maximum axial- 
and tangential velocities with axial distance 1z' 
from the exit of the nozzle are shown -in Figures 
6.17 and 6.18 respectively. The present results 
are in good agreement with similar curves replotted 
from Refs. (23) and (33). The tangential velocities 
decay much more rapidly, see Figure 6.18. Accord- 
ing to several earlier workers, e. g. Refs. (23), 
(62) and (72), the rate of decay for the axial velo- 
city is proportional to 1/z, while the tangential 
velocity decays as 1/z2-. 
Chigier and Chervinsky (Ref. 58) have shown that-for 
a swirling jet the rapid rate of mixing results in 
similarity of the axial and tangential velocity pro- 
files even at axial distances as small as two nozzle 
diameters from the exit (or even less for the tan- 
gential component). This has been illustrated in 
Figure 3.6. Similar plots of the present axial vel- 
ocity measurements are presented in Figure 6.19. For 
comparison purposes, the lines obtained using an 
empirical equation suggested by Ref. (58) are also 
included, see Equation (3.5), Section 3.4. In the 
present case, similar radial profiles 'of axial velo- 
city are achieved except for the lower swirls (i. e. 
S=0.12 and 0.24) near the nozzle exit at z/D = 2. 
Thus, the empirical equation (Equation 3.5. ) can be 
used (to a good approximation) to predict the be- 
haviour of the present jet, except at. z/D=2. This, how- 
ever, as expected does not apply to the non-Gaussian 
velocity distributions under high swirl conditions 
(e. g. S=0.48 for the present case). 
Figure 6.20 presents the results for the tangential 
velocity profiles for S=0.36 and 0.48 similar to 
those for the axial velocity in Figure 6.19. The 
values of 'w' for all other cases (swirl numbers) 
were comparatively small, particularly at z/D = 81 
so that it was not possible to obtain reasonable 
Plots. ' The empirical relationship suggested by Chigier and Chervinsky (Ref. 58) for tangential velo- 
City were not. generally applicable. However, the 
-78- 
present figures, although 'plotted with fewer points, 
broadly agree with tho . se shown in Figure 3.6(b) for 
similar swirl numbers. 
6.6.2 * Turbulence Characteri'stibs 
The turbulence intensities in this Section of the 
thesis are based on the mean velocity, ue, at the 
centreline of the exit of the nozzle for the non'- 
swirling case. The choice of this velocity as a ref- 
erence is appropriate since it provides a common base 
so that turbulence intensities can be readily com- 
pared at various sections. 
For the non-swirling jets, the turbulence intensity 
along the centreline of the jet increases from the 
noz, zle exit to z/D = 6, and then subsequently de- 
creases. This behaviour is similar in trend to that 
observed by Corrsin (Ref. 32), see Figure 6.21. Any 
differences in the numerical values arise because of 
the dissimilar turbulence levels at the exit section 
and different jet Reynolds number. 
Figures 6.22 to 6.26 present the radial variations 
of the longitudinal turbulence fluctuations V_u-T2 at, 
various axial distances downstream from the nozzle 
exit for both the non-swirling and swirling jets. 
The longitudinal turbulence intensityVul2jue was 
used in this case-instead of the usual turbulence 
intensity 
. j(-j=, i' + -; 71-2- 
Tu /ue 
primarily because of the erratic behaviour of the 
measured 772 and -Wt-2 at some of the measurement sta- 
-tions. Most of this scatter occurred near the exit, 
of the nozzle (z/D = 0,2) and can probably be attri- 
buted to the steep, lvl and 'wl velocity gradients in 
this region. It may be recalled that the scatter in 
the measurements for 'wl at the nozzle exit were dis- 
cussed earlier. 
In the non-swirling case, Figure 6.22, it is again 
apparent that the centreline longitudinal turbulence 
intensity increases with z/D, initially followed by a 
subsequent decrease. As the jet expands, the radial 
distribution of longitudinal turbulence intensity is 
fairly uniform. Measured values of the longitudinal' 
turbulence at ReD = 60,000 are also shown and ex- hibit similar trends. 
As the degree of swirl is increased, to S= 0'. 12, there 
is a rise in the level of turbulence at all sections 
except z/D = 8, see Figure 6.23. The centreline val- 
ues of the longitudinal turbulence increased from 57o 
. to 10% at nozzle exit, whilst at z/D =2 the level 
rose from 1079 to 177o. The prof iles also tend to be 
more uniform. 
Figures' 6.24 to 6.26 present similar curves for the 
other swirls studied in -thi's investigation, i. e. 
S=0.242 0.36 and 0.48. The profiles for S=0.24 
and S=0.36 are fairly uniform for all z/Ds. In 
the case of the highest swirl (see Fig. 6.26), the 
maximum turbulence (at z/D = 2) is offset from the 
centreline to a radial position which approximately 
coincides with that of the maximum velocity (see 
Fig. 6.6). However, as with the velocity profiles, 
the turbulence intensities become more uniform as 
the distance from the nozzle is increased. Figure 
6.27 has been plotted at z/D =4 to illustrate the 
effects of varying swirl on the turbulence inten- 
siýies. 
Despite the uncertainties of the values of the rad- 
ial and circumferential turbulence intensities, it 
was possible in most instances to evaluate the 
overall turbulence intensity. --:::, 
Tu =. 
+. vr, + ýFf) /ue 
;j 
Thus, 'Tul at the radial position corresponding to 
the maximum velocity is plotted in Figure 6.28 
against the axial distance from the nozzle exit. To 
bbtain these overall intensities, the uncertainties 
in the values of _ý72 and W-71 were corrected by 
assuming that the behaviour (radial variation) of 
these fluctuations is similar to that of the longi- 
tudinal intensity. This assumption would appear to 
be justified since it has been shown for both swirl- 
ing (Ref-72) and non-swirling jets (see Fig. 7, Ref. 
33) that, for all three fluctuations, the, shape of 
their radial variations is similar, e. g. see Fig. 
6.29). This'is also corroborated by most of the 
present measurements in which radial variations 
(particularly at z/D =4 and 8, i. e. stations where. 
the measurements of ý72 and Tr2 were reliable) were 
found to be of similar shape for all three compon- 
ents. Figure 6.30 has been plotted to show the be- 
haviour of the turbulence fluctuations for two part- 
icular cases at S=0.36. It may be seen that, even 
at z/D = 2, the values as well as shapes of the 
fluctuations are quite similar. At the greater down- 
stream distance, the value of 'ý72 is greater than Výý 
and ývý2 but the profiles still have similar shapes. 
As can be seen from Figure 6.28, the turbulence cha- 
racteristics of swirling jets are quite difference from those of non-swirling flows. The turbulence 
intensity even for the smallest swirl studies, i. e. S= 
. 
0-12, attain a'maxima at approximately z/D =2 
and then decreases wherea's the non-swirling'jet 
attains a maxima around z/D ; -- 6. The swirls S=0.24 
and 0.36 behave similarly, being constant up to about 
z/D = 
.2 
and then decreasing montonically. With the 
highest swirl S=0.48, maximum turbulence intensity 
ensues at the nozzle'exit and, subsequently, decays 
along the axis of the jet. 
Rose (see Fig. 32, Ref. 62) has shown that the decay 
Of J-77/ue is proportional to 1/z over most of the 
z/D range studied, i. e. 0 to 100. Detailed compari- 
sons of the present result with Rose's were difficult 
because of the limited z/D range (0, to 8) studied. 
However., in Figure 6.31 the present results for 
S=0.24 and 0.36 at ReD = 32,000 are plotted toge- 
ther with Rose's curve for a swirl number of 0.23 
at ReD = 14,000. The trends -of these different mea- 
surements are similar although the maxima are dis- 
placed. Conditions near the nozzle exit are parti- 
cularly sensitive 
, 
to detailed design features so that 
variations in nozzle geometry and methods of gener- 
ating swirl may well explain any difference. 
6.7 CONCLUSIONS ON THE VELOCITY AND TURBULENCE' MEASUREMENTS. 
6.7.1 Velocity Measurements. 
-1. The present results suggest that both five-hole 
probes and hot-wire anemometry can be employed 
successfully to study flow patterns associated 
with the swirling jets and characterise the 
swirl generators. 
2. The limited data obtained indicated that the 
potential core for non-swirling jets extended 
up to about five nozzle diameters from the exit 
whereas, even for weak swirls, tho length of this 
core was approximately two nozzle diameters. 
This reduction is associated with more rapid 
mixing of the jet with the surroundings due to 
the application of swirl. 
3. The profiles of axial vdlocities are flatter 
and, hence, more uniform when swirl is applied 
except at the highest swirl, S=0.48, near tho 
nozzle exit. In this situation, typical 'double 
maximal types of profile are observed. 
4. The radial profiles of tangential velocity ex- 
hibit the characteristics of a Rankine type of 
vortex. 
5. The rate of downstream decay of axial velocity is 
* 
greater for the swirling jets; moreover, the tangential velocities decay at a higher rate 
than the axial velocities. The decay of both 
axial and tangential velocities, increases with 
. -thd degree of swirl. 
6.7.2 ' Turb'ul'eh*ce* Ch'a: racteristIbs. 
1. The present measurements of turbulence intensity 
along the centreline of the jet in the 'no-swirl' 
case are in good agreement with previous pub- 
lished data. 
2. Increasing the degree 
* 
of swirl can, in many in- 
stances, increase the turbulence intensity al- 
though this does not necessarily imply that 
swirling jets always have higher turbulence in- 
tensities at all measurement stations. The jets 
with the higher turbulence intensity at the 
exit section can decay at a faster rate so that 
at z/D = 8, as shown in Figure 6.28, the non- 
swirling flow (with lowest initial turbulence) 
exhibits the highest turbulence. - 
3. The decay of turbulence intensity behaves in a 
similar fashion to the axial velocity decay, 
.. e. it varies as 1/z approximately. i 
6.8 GENERAL CONCLUSION 
The present jets behave in a very similar fashion t*o 
other jets used by previous investigators. Consequently, 
any heat transfer measurements will have general applica- 
bility and will only differ in detail due to the design 
of the swirler. 
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. CHAPTER 7 
THE USE OF MASS TRANSFER TECHNIQUES 
. TO ESTIMATE HEAT TRANSFER 
7.1 'INTRODUCTION 
The complicated nature of turbulent flows often precludes 
the employmeilt of analytical methods to determine heat 
transfer. This is particularly true for jet impingement 
systems due to their two or three dimensional geometries 
and large scale eddies which occur. Thus, one must re- 
sort to an experimental technique to obtain heat trans- 
fer coeýficients. Direct determination involves the 
measurement of surf ace temperature and heat f lux at each 
station of interest. Surface temperature measurements 
often require the insertion of a large number of thermo- 
junctions in the surface and, at high heat fluxes, signi- 
ficant errors can be introduced if measurements are made 
below the surface due to the problem of location. Conduc- 
tion withiA the test surface can also result in errors. 
Heat flux may be measured either by determining the ther- 
mal response of a film or insert thermally insulated from 
the remainder of the surface. Heat flux mIlLy also be esti- 
mated by measuring the steady-state dissipation of heat 
from the test section, e. g. by determining the electrical. 
input to a heated section or by measuring the rate of 
steam condensation (see Ref. 86 for details). 
In addition to the problems discussed$ direct methods can 
require elaborate data-logging equipment, and it can b0come 
costly to install all the necessary instrumentation. Thus, 
the use of analogies is finding increasing application, in 
the estimation of heat transfer. The use of these depends 
upon the. similarity of the physical processes underlying 
the transfer of momentum, heat and mass. These transfer 
processes can be expressed by similar equations: - 
T= P(v +c) 
Du for momentum transfer Dy 
(Shear stress =f (velocity gradient)) 
'T for heat transfer 7. -2 qpCpc Dy 
(Heat transfer = f(temperature gradient)) 
,. c N=(. 0 +r)-2V for mass tr,, i. nsf cr (7.3) m BY 
(Mass transfer = f(concentration gradient)) 
?I 
The practical implication is that, it a correlating equa- 
tion is known for one of the transport phenomena in a 
particular situation, then similar functional relation- 
ships can be applied to the remaining transport processes 
by simple insertion of the appropriate dimensionless 
parameters. Thus, momentum transfer can be applied to 
determine heat and mass transfer coefficients providing 
that skin friction data are available' for the system of 
interest. Generally, it is difficult to obtain local 
friction coefficients (either directly or by velocity 
profile measurements). However, local mass transfer co- 
efficients are relatively easy to measure so that the 
analogies between heat and mass transfer are far more 
commonly employed. 
, 7.2 THE HEAT, MASS AND MOMENTUM TRANSFER ANALOGIES 
Osborne Reynolds (Ref. 88) was probably the first investi- 
gator to point out the similarity between the transfer 
of momentum and heat in boundary layer flows. This re- 
lationship can be expressed as: - 
tot = f/2 
(7.4) 0 
where St is the Stanton number, and If' is the coefficient 
of friction. 
The relationship, however, is only valid if the molecular 
heat and momentum diffusivities are equal (Pr = 1). 
Furthermore, the eddy diffusivities are also assumed to 
be equal and shear stress and heat flux are supposed to 
vary in an approximately similar way in the boundary lq. yer. 
Prandt! (Ref. 89) and, independently, Taylor (Ref. 90) both 
accounted for the behaviour of the laminar layer adjacent 
to the transfer wall, in addition to the characteristics 
of the fully turbulent outer core, and modified Reynold's 
analogy yielding: - 
St = (f /2) /Cl + ut/u(Pr - 1)] (7.5) 
where luk' is the velocity in the laminar-turbulent boun- 
dary layer and 'u' is the mean velocity in the turbulent 
core. 
Equation '(7-5) holds only for Pr close to unity (0-5 to 2). It also assumes that the eddy diffusivities for both 
beat and momentum transfer are zero in the laminar layer 
while in the turbulent layer the molecular diffusiVities 
are negligible compared to the eddy diffusivities. 
Von Karman (Ref-91) distinguished a third 'buffer' zone 
which 'separates the laminar f low and the fully -turbulent 
region. lie assumed that heat and momentum are transferred 
by both molecular and turbulent transfer mechanism in the 
buffer zone. Heat and momentum transfers are thus con- 
nected by: - 
St = (f /2)/ 
11 
+ Pjf /2 {Pr - 11 + Xn{l + 5/6 (Pr - 1) (7.6) 
This equation is derived by assuming that the turbulent 
diffusivities of heat and momentum are equal and, more- 
over, the molecular and turbulent diffusivities are addi- 
tive in the buffer region. The equation, however, does 
not require the previous restrictions on Prandtl number 
range and results in better predictions, especially at 
higher Prandtl numbers. For enclosed flows, such as 
those in pipes, friction factors are often more easily 
obtainable than heat transfer coefficients, and the ana- 
logy is particularly useful. The average heat transfer 
rates over an area can be inferred from the viscous drag. 
Care must be taken to avoid the inclusion of any form 
drag, however, since this is not allowed for in the ana- 
log17. This is also true for the Reynolds and Prandtl- 
Taylor analogies. 
0 
The theoretical relationship between heat transfer and 
skin friction proposed by Reynolds was expressed by 
COlburn (Ref. 92) as: - 
St Pr 2/3 = f/2 (7.7) 
The relationship was developed for laminar flow over flat 
plates but can also be applied to turbulent flow over 
these plates and, in a modified way, to turbulont Slow in 
pipes. Later, Chilton and Colburn (Ref. 93) extended the 
correlation to include mass transfer by diffusion so that, 
St Pr 2/3 = St m 
Sc 2/3 = f/2 (7.8) 
where 'Stm, is the mass Stanton number, and 'Scl is the 
Scbmidt number. 
As already pointed out, the momentum analogy does not 
allow for the inclusion of any form drag. However, tile 
relation between heat and mass transfer has been confirmed 
experimentally to be valid for a wide range of geometries 
and complicated flows. Consequently, heat transfer- can 
often be determined from mass transfer experiments. The 
relationship can be derived as follows: - 
2/3 
= 
2/3 Since. St Pr (h /'p auCp 
Pr JH (7.9) 
and,, .S-tm Sc 
2/3 
= . 
(b I/ u) Sc2/3 (7.10) 
Equating the j-factors, i. e. equation-§ (7.9) and (7.10), 
yields: - 
WC 
ppa 
(Sc/Pr) 2/3 (7.11) 
Although this simple relationship has been used frequently 
and successfully, Lewis (Ref. 94) has pointed out its 
limitationspdue, to the employment of a constant empirical 
factor (Sc/ r)2 3 to account for the differences in heat 
and mass diffusivities for all flow velocities. A more 
accurate form of the heat-mass transfer analogy must take 
into account the varying contributions of molecular and 
turbulent diffusivities across the boundary layer. 
Jayatillaka (Ref. 95) has given an extensive review of pre- 
vious proposed distributions of turbulent/molecular mom- 
entum diffusivities across the boundary layer, and proposed 
an empirical expression to describe heat transfer in the 
near-wall region. 
)3/4 
] 
St = 
4/2 /Prty/2/f +A 
[(Pr/Prt 
1 
[1 
+ 0.28 eýý(-0.007 Pr/Pr. t 
.. 
(7.12) 
where, A'= 8.32 
. 
and 9.00 for Prt = 0.9 and 1 respectively. 
The corresponding mass Stanton number is found by substi- 
tuting Se and'Set for Pr and Prt respective, 1Y. Consequent- 
ly, an analogy factor y= St/Stm can be found. 
This analogy factor ly' can also be derived for the von 
Karman's expression gi. ven in Equation (7.6). The equation 
whi-ch is used to determi-ne the heat transfer Stanton 
number (St) can be modified to yield the mass transfer 
. 
Stan'ton niunber (Stm) by replacing the Prandtl number 'Pr' 
with the Sclimidt nýmber 'Sc' . 
The values of the analogy factor y= St/Stm derived from 
the expressions given in Equations (7.6) and (7.12), are 
shown in Fig. 7.1 for the- situation-of fully developed 
flow in a circular pipe. The Chilton-Colburn constant 
factor, (Sc/pr)2/3, is also plotted for comparison purposes. 
The value of the Prandtl number is Ittat for air (Pr = 0.71) 
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and the Schmidt number is appropriate to the sublimation 
of naphthalene in air (Se = 2.44). It can be seen that 
there are considerable discrepancies between the simple 
Chilton-Colburn analogy and the more complicated analogies, 
and that these increase as the Reynolds number increases. 
However, the use of Jayatillaka or Von Karman's express- 
ions involves knowledge of the friction factor as well as 
the Schmidt and Prandtl numbers. For many flow situa- 
tions, this is unavailable (as is the case in the present 
study), so that the Chilton-Colburn analogy has been pre- 
ferred. Furthermore, the recent work of Vallis et al 
(Ref. 38) has demonstrated the validity of this analogy in 
jet impingement systems. Previously, Ward et al (Ref. 52), 
Davies et al (Ref. 96) and Kabari (Ref. 6) have also succ- 
essfully employed the Chilton-Colburn analogy for study- 
ing jet impingement heat transfers. Thus, it was consid- 
ered that the. use of this analogy would yield useful heat 
transfer data'. Nevertheless, heat and mass transfer ex- 
periments are only completely analogous if the following 
conditions are fulfilled: - 
M Geometrical similarity exists. 
(ii) Equal Reynolds numbers are maintained in the 
two systems. 
(iii) The molecular diffusivities of heat and mass 
transfer are equal. 
(iv) The turbulent diffusivities of heat and mass 
transfer are equal. 
(V) Similar boundary conditions exist. 
Conditions (i) and (ii) are, generally, easily satisfied 
by proper design of the experimental set-up. Condition 
(iii) is satisfied if the Prandtl and the Schmidt numbers 
are equal (i. e. the Lewis number is unity). It is diffi- 
cult to conceive of a mass transfer technique which will 
satisfy this condition exactly when used to infer the 
convective heat transfer coefficients due to gas flows. 
The present study employed measurements of the sublima- 
tion rate of a naphthalene surface in an air flow to 
yield mass transfer data. Since, typically, Sc = 2.44 
and Pr = 0.71; this condition is reasonably satisfied 
when estimating convective heat transfers from 'gas' jets. 
Alternative methods of measuring the mass transfer rate 
can more rigourously test the analogy since 'Scl and 'PrI 
can then differ greatly. 1 For example, if an electro-ýchem- 
ical mass transfer technique (Ref. 98) is used, the Schmidt 
number is typically 1,500 or above. Turbulent diffusivi- 
ties are difficult to measure (see Ref. 97) so that there 
is a paucity of data but investigators seem to agree that 
the ratio of these diffusivities of heat and mass trans- 
fer (i. e. turbulent Lewis Number) is close to unity. 
With regard to condition (v), mass transfer techniques 
usually result in either the vapour concentration (naphth- 
alene tests) or the ion concentration (in electro-chemi- 
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cal methods) remaining constant over the -surface of interest. Thus, the heat transfer data derived from 
these tests correspond to a boundary condition in which 
the heat transfer surfacels maintained at a constant 
temperature. * 
7.3 BRIEF REVIEWOF PREVIOUS* MASSTRANSFER 'INVESTIGATIONS 
Various mass transfer techniques have been used by pre- 
vious investigators to estimate heat transfer coeffi- 
cients so that only a selection of the large number of 
publications is discussed in this section to illustrate 
the progressive improvements made in the experimental 
techniques. Liquids such. as water, benzene, toulene, 
carbon tetrachloride, chlorobenzene, tetrachloro-ethy- 
lene, and solids including ice, naphthalene, camphor, 
parachlorobenzol have been used as the mass transfer 
substance. 
One of the earliest studies was carried out by Klein 
(Ref. 99) in 1933, when he employed heated air flows to 
melt cylinders composed of ice. The overall heat trans- 
fer rates were proportional to the weight of melted ice. To 
determine the local mass heat transfers, the deformed 
cylinders after the test were initially cast in plasti-, 
cine so that reproductions could then be made in plaster 
of Paris. The changes in the dimensions of the cylinders 
were obtained from these models. Errors occurred due to 
radiative transfer, conduction losses along the cylinders, 
and also since the humidity of the air was not taken 
-into account. This publication, however, led to the 
further use of mass transfer techniques, particularly 
those employing solids with melting points above near- 
ambient temperatures. Moreover, these solids also have 
relatively high vapour pressures at ambient temperature 
so that the mass transfer coefficients can be calculated 
from the sublimation rates after only a comparatively 
short duration test. 
For example,. Winding and Cheney (Ref. 100) cast naphtha- 
lene tubes using split brass moulds, and employed air as 
the working fluid. Average and local heat transfer coeff- 
icients were determined by the change in the weightýof the 
naphthalene casting, and the variation in the local dimen- 
sions. These local variations were found by using 
'feeler' gauges to measure gaps between the naphthalene 
castings and the original moulds. The Chilton-Col. burn 
analogy was used to infer the heat transfers. 
Significant improvements to the techniques were introduced 
by Christian and Kezios (Ref. 101) who investigated mass 
transfer from sharp-edged naphthalene cylinders in axi- 
symmetric flow with laminar boundary layers. Tbey mea- 
sured the local sublimation rates with a micrometer dial 
indicator and found that the average mass transfer ob- 
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tained by integrating these 'local results agreed to with- 
in t 37Q with those determined by the direct weight loss 
-measurements. 
Recently, Koopman and Sparrow (Ref. 50) also employed 
profilometric measurements to estimate local mass trans- 
Xer coefficients from a row of impinging jets. They em- 
ployed a-semi-automatic data acquisition system to simpli- 
fy the determination of local naphthalene mass losses. 
Comparisons between overall mass transfers obtained by 
direct weighing and those from numerical integration of 
the local mass transfer distributions were within 67o. 
Electrochemical techniques can also be employed to deter- 
mine mass transfers and have been comprehensively re- 
viewed by Mizushina (Ref. 98). Of all the many investiga- 
tions using this technique, the work of Vallis et al (Ref. 
38) has the most relevance to the present study since they 
also examined jet impingement mass transfer. 
Previous jet impingement studies at Cranfield have used 
naphthalene techniques extensively. Surface profilometry 
was used by Jones (Ref. 2), Kabari (Ref. 6) and Oladiran 
(Ref. 5). Dunn (Ref. 25) measured the average mass trans- 
fers due to impingement of swirling jets of air by deter- 
mining the loss in weight of naphthalene cast in trays. 
Ward et al (Ref. 52) also used these techniques to deter- 
mine local and average heat transfers in models of rapid 
heatiag furnaces. 
In the present study, the local mass transfer coefficients 
from both single and multiple jets were determined by a 
"thin-film naphthalene technique". Average values were 
obtained by integrating these local values. Owing to its 
importance in the present work, this 'thin film technique' 
has been described in detail in the next section. 
7.4 THE 'THIN-FILII"NAPHTHALENE TECHNIQUE. 
Wilkie and White (Ref. 103) initially used the-method to 
examine the variation of heat transfer coefficients along 
the ribbed surface of AGR nuclear fuel elements. The 
element was coated with a 'thin-film' of naplithalerie and 
then mounted in a perspex chamber through which air (the 
test fluid) was drawn. The time taken for the paphtha-ý 
lene to clear from the surface was inversely proportional 
to the mass transfer coefficient. Coating was achieved 
by using a simple spray gun attached to the tool holder 
of a lathe. This was fed with a solution of naphthalene 
dissolved in acetone, and it was traversed automatically 
while the fuel element was simultaneously rotated between 
the lathe centres. In this fashion, a layer of naphtha- 
lene of consistent thickness (approximately 0.025mm) was 
sprayed in a single traverse. The specific weight per 
unit area of the coating was not measured so that only 
the relative values of the mass transfer coefficients were 
obtained. Figure 7.2 presents a comparison of their re- 
sults with heat transfer data obtained directly for simi- 
lar conditions. It may be concluded from their work that 
the 'thin-film' spray technique is a quick and inexpensive 
method of obtaining qualitative mass transfer distribu- 
tions and it can be especially useful in predicting the 
position of 'hot spots'. 
More recently, however, investigators at the Central Elect-. 
ricity Research Laboratories (C. E. R. L. ), Leatherhead, dev- 
eloped a spray rig which produced a thin-film of naphtha- 
lene in a controlled manner. The exact weight (per unit 
area) of the naphthalene coating was determined by weigh- 
ing a 'dummy' surface which was sprayed under the same 
conditions. Therefore, absolute values of mass transfer 
coefficients were found from the evaluation of the 'time 
for clearance'. The details of their device and technique 
are presented in publications by Neal et al (Ref. 104) and 
Neal (Ref. '. 105). They dissolved crystalline naphthalene 
in an organic solvent with the proprietary name of "Inhibi- 
sol" (produced by Bestobell Chemicals Ltd., Cramlington), 
and fed this solution under pressure to the central nozzle 
of a co-axial jet. The naphthalene solution issuing from 
this central nozzle is atomised by the air jet exiting from 
the outer annulus, thus forming a conical spray. The annu- 
lar jet also prevents build-up of solid naphthalene at the 
nozzle exit which would otherwise result in rapid blockage. 
The flow rates of the solution and the atomising air are 
controlled by needle valves. Cylindrical surfaces were 
coated in a similar fashion to Wilkie and White (Ref. 103), 
i. e. the automatic traverse of a lathe was employed. How- 
ever, Neal et al (Ref. 104) also developed an automatic 
linear motion spray table which uniformly coated flat sur- 
faces. A naphthalene thickness of approximately 0.015mm 
was obtained at a solution flow rate of 60 mm3/s, and a 
spray head traverse velocity of 0.8m/s. 
Figure 7.3 presents the results obtained by Neal'(Ref. 105) 
using this thin film technique for flow in a cylindrical 
Pipe, and comparisons are made with direct heat transfer 
results. It was concluded that the thin-film techniqiie 
coupled with a suitable mass transfer analogue yielded 
forced heat transfer accurately and economically. A 
further advantage of the method is that it also provides 
data over the full field of interest. Moreover, the de- 
velopment of the 'clearance pattern' is visual and, there- 
fore, can be used to demonstrate various flow phenomena. 
A similar 'thin-film' naphthalene spray technique was 
chosen for the present work. since it offers the following 
advantages: - 
(i) It appears to yield heat transfer data 
which are just as accurate as those found 
by other mass transfer methods. 
The test duration is considerably reduced 
in comparison with the alternative pro- 
filometric method for determining local 
naphthalene sublimation rates. 
(iii) It is difficult to determine whole field 
data in flow fields as complicated as 
those associated with multiple jets using 
other techniques. 
(iv) Visualisation of the clearance patterns 
can be especially useful in setting up the 
experiments with, multiple jets. 
Thus, a suitable spray rig was developed to coat flat 
surfaces with a thin film of naphthalene, and this rig 
is described in Chapter 8. 
7.5 DETERMINATION OF MASS TRANSFER COEFFICIENTS FROM 
MEASUREMENTS OF NAPHTHALENE SUBLIMATION RATES. 
Isothermal models whieb conform to the necessary condi- 
tions of dynamic and geometric similarity mentioned in 
section 7.2 may be used to obtain convective heat trans- 
fer data from mass transfer measurements. If a naphtha- 
lene sublimation technique is employed, a mean mass trans- 
fer coefficient 'b"may be defined as: - 
m/t = b' An (Cn - CO) (7.13) 
where Iml is the sublimation weight loss during the test 
duration and An is the area over which this loss takes 
place. Cn and CO are the concontration of naphthalene 
vapour at the test surface and in the free 'stream res- 
pectively. 
The partial pressure of the naphthalene vapour is negligi- 
bly small so that the vapour can be regarded as a perfect 
gas with temperature ITN' at the mass transfer surface. 
Thus, 
C, n = Pn/R,, Tn (7.14) 
where Pn and Tn are vapour-solid equilibrium values. 
Moreover, the vapour concentration of the. na. phthanlene In 
the free stream can usually be neglected, i. e. CO = 0. 
Thus, equation (7.13) can be reduced to: - 
1) 'in 
RIj Tn 
(7.15) W, -1f - pil 
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Although sublimation depresses the surface temperature 
of naphthalene below that of the free stream, this diff- 
erence is generally negligible (Ref. 106). Therefore, 
the saturation vapour pressure can be evaluated at the 
mean free stream temperature. Several empirical corre- 
lations (Refs. 107-109) have been proposed for the varia- 
tion of vapour pressure with temperature in the litera- 
ture, see Appendix C. In this study, the relationship 
of Sherwood and Bryant (Ref. 107) has been used since 
this yields approximately medial values when compared to 
other correlations, see Figure 7.4. The general proper- 
ties of naphthalene are also described in Appendix C. 
Heat transfer coefficients can be evaluated from a know- 
ledge of mass transfer coefficients by assuming the 
equality of the respective j-factors (i. e. the Chilton- 
Colburn analogy) when coupled with equation (7.15). This 
yields: ' 
h= (m/Ant) -Pa- Cp (Rn Tn /Pn) (Sc /Il. r) 
2/3 (7.16) 
where lhl is the heat transfer coefficient, and 'Pa' is 
the density of air. 
The values of Schmidt numbers can be found by using the 
expression: - 
Sc = 7.00 (T)70' 
185 
where IT' is in degrees Kelvin. 
This equation is valid for the range 100 to 500 K (Ref. 110), 
The results obtained in Equation (7.16) may also be applied 
to determine local values by choosing suitable 'An' and 
estimating a local mass loss. 
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. 'CHAPTER 8 
,. NAPHTIIALENE' THIN-FILM ITASS TRANSFER TECHNIQUE - 
APPARATUS'AND EXPERIMENTAL DETAILS 
INTRODUCTION 
The accuracy with which one can predict heat transfer 
coefficients from mass transfer measurements depends both 
on the suitability of the analogy and the accuracy of the 
mass transfer measurement. As discussed in the previous 
chapter, the Chilton-Colburn analogy has been employed in 
this study to infer the heat transfer coefficients (see 
Section 7.2). Most previous researchers have used either 
accurate weighing techniques (Ref. 111) to determine ave- 
rage mass transfers or profilometric technique (Refs. 6,50 
and 94) to estimate local values. In the thin-film naph- 
thalene technique, it is necessary to spray a naphthalene 
film of known thickness over the surface.. Due to end 
effects, this thickness cannot be predicted from a know- 
ledge of the naphthalene solution concentration and the 
' flow rate. Thus, for calibration purposes, small plates 
(slides) are sprayed under test conditions and the ave- 
rage lilm thickness over these plates (and hence over the 
test surface) is determined by weighing. Corrections can 
be applied for the variation in free convective naphtha- 
lene loss over the test surface during spraying. 
Once the naphthalene thickness can be accurately predicted, 
the period measured for clearance to occur under the in- 
fluence of impinging jets of known temperature is a mea- 
sure of the mass transfer at a particular station. Photo- 
graphic records can be made of the 'clearance' profiles at 
various time intervals throughout the test so that -the 
variation of mass transfer over the surface of intcrest can 
be obtained. The technique thus requires essentially a 
means. of spraying a 'uniform' film of naphthalene of known 
thickness and a means of subsequently recording the clear- 
ance of the film. 
8.2 THE SPRAY RIG. 
The present apparatus was designed bearing in mind a rig 
developed at the Central Electricity Research Laboratories 
(CERL), Leatherhead, by Neal et al (Ref. 104). Consequently, 
a workable and cheaper version (but with lesser automatic 
control) was successfully developed and employed to spray 
a thin and-even film of naphthalene over flat surfaces. 
8.2.1 General' Construction. 
The Zig was designed to spray flat surfaces of a 
maximum size of 460 x 400 mm. (1811 x 1611). Naphthalene 
was dissolved in an oi, ganic solvent 'Inhibisoll 
(supplied by Bestobell Chemicals Ltd., Cramlington) 
and fed under pressure to the central nozzle of a 
coaxial jet where it was finely atomised by mixing 
with high pressure (4-5 atm) air (see Fig. 8.1 and Plate 2). The resulting jet was sprayed onto a per- 
spex plate. The solvent then evaporated leaving a 
fine film of naphthalene. 
The mechanical arrangement was mainiained as simple 
as possible so that the movement of the spray nozzle 
and the plate was controlled by independent mecha- 
nisms. The whole operation, i. e. traverse of the 
spray head and advancement of the plate, was con- 
trolled by limit switches and electronic logic cir- 
cuit designed in the Instrumentation Section at Cran- 
field. 
Plate 3 shows a general view of the spray'rig. To 
facilitate an adequate explanation, the description 
of the rig has been split into the various functional 
units. 
8.2.2. Mechanical Details 
The spray nozzle, shown in Fig. S. 1 and Plate 2, was 
made according to the design specified by Neal (Ref. 
105). This spray nozzle was mounted on a carriage 
block, 50.8mm x 25.4mm x 22.5mm, which was guided by 
means of two 10mm diameter stainless steel bars, 
each 610mm long. Two linear roller bearings (Uni- 
matic Engg. ) were employed to reduce the sliding 
friction between the carriage and the guide bars. 
These bars were held parallel by two support blocks 
at each end. The carriage was traversed in the hori- 
zontal plane by means of a string. The appropriate 
to and fro motion was achieved by reversing the rota- 
tion of the d. c. motor (variable speed, 12V). Appro- 
priate gearing reduced the linear speed of the carr- 
iage to give velocities ranging from 0.8 m/s to 1.2 
m/s. Two limiting switches were fixed near the end 
, 
blocks to restrict the length of traversq. A striker 
plate was mounted on the carriage to actuate these 
limiting switches. Fig. 8.2 shows diagrammatically 
the assembly of this set-up.. 
Since it is essential for the sprayed layer to be of 
constant thickness, the sprayhead should travel at a 
constant velocity during the spraying operation. Thus, 
the acceleration period after reversal of the carriage 
should be short. This motion was checked by observing 
the displacement of the carriage with time on an osc- illoscope trace. Plate 4 shows the displacement trace 
for various d. c. motor speeds. The variation of the 
carriage position with time is linear for that part 
of the travel during which the plate is sprayed, i. e. 
the sprayhead travels at a constant velocity so that 
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a uniform coating across the plate is obtained, 
provided that the flow of the solution is also 
invariant. 
The plate to be sprayed was located on a carrier 
plate beneath the sprayhead. The carrier plate 
was mounted, on a 910mm long lead-screw (16 tpi). 
This lead-screw was driven by a stepper motor 
(ASTROSYN) which controls the feed rate of the 
plate very accurately. The stepper motor can be 
controlled to give a maximum of 1000 steps, with 
each 
'' 
step being as small as 1.8 degrees. Fig. 8.3 
shows the aspect of the assembly associated with 
the movement of the plate. 
The sequence of the spraying operation, as con- 
trolled by the electronic logic circuit, was: - 
The stepper motor rotated a fixed number of 
steps (previously selected) to give the re- 
quired displacement to the spray plate normal 
to the axis of traverse of the spray head. 
2. The d. c. motor was then energised to drive 
the carriage and sprayhead across the plate 
so that a strip of the plate was sprayed 
with naphthalene. 
3. The carriage travel was-arrested by a limit 
switch and the d. c. motor rotation reversed 
such that the carriage returns along the 
same path in the opposite direction, thus 
spraying a second layer'of naphthalene on 
top of the first. This motion was stopped 
by the other limiting switch. 
This second limit switch de-energises the d. c. 
motor and restarts the stepping motor so that the 
plate is again advanced., The sequence is repeated 
until such a time as the whole plate has been com- 
pletely sprayed with a uniform coating of naphtha- 
lene. Typically, the mass of naphthalene sprayed 
varied from 1.4 to 2.8 mg/cm2. 
8.2.3 Control of the Spraying Operation. 
The sequence of the spraying was determined by a 
'control unit' which generated signals to either the 
stepper motor or the d. c. motor as required. The 
logic of the control unit was activated by limit 
switches. The rotational speeds of the d. c. motor 
were set on a dial, while the number of 'steps' ad- 
vanced by the stepper motor was selected on a 
counter. The sequence of operation has already been 
described in Section 8.2.2. Figure 8.4 illustrates 
this sequence and also the layout of the various 
controls. It may be noticed from Fig.. 8.4 that 
the actual time spent spraying the plate is only 
,a 
fraction of the total cycle. The delay at each 
end of the spray head traverse during spraying 
actually helps to dry out the deposited film of, 
naphthalene. The speed of the traverse of the 
spray head over the plate is essentially uniform 
as can be seen from the traces of the displacement 
of the head obtained on an oscilloscope, see Plate 
4. 
8.2.4 Flow Control 
The flow circuit is diagrammatically shown in Fig. 
8.5 The naphthalene dissolved in the 'Inhibisoll 
was contained in a steel bottle (5 litre capacity). 
Th 
' 
is vessel was tested to a pressure of 15 atmos- 
pheres. In the preliminary tests, a concentration 
of 200 grams of naphthalene per litre of solvent 
was used but this often resulted in clogging of the 
spray nozzle by naphthalene particles. The concen- 
tration, therefore, was reduced to 100 grams per 
litre to avoid this problem. 
Compressed air (at 4 atmospheres) and the naphtha- 
lene solution were fed to the sprayhead through 
nylon tubes. The solution was supplied to the fine 
diameter central nozzle tube, shown in Fig. 8.1, 
whilst the air was supplied to the outer annulus 
tube. The result was a finely atomised conical 
spray. It was important that the nozzle produced 
a spray layer which was considerably wider than the 
pitch between the adjacent passes. Thus, the spray 
nozzle was mounted at least 25mm. above the plate 
and also inclined 30-45 degrees to the vertical. 
The*floiv of the naphthalene solution was monitored 
by a rotameter (Fisher Porter FP 1/8 20-G-5/81). 
Except in some of the preliminary tests, the flow 
rate was maintained about 0.2 ml/s. The flow rate 
of the solution and the compressed air were compar- 
atively small, so that two needle values (EdNvards 
High Vacuum) were necessary for final adjustment 
*and control. It was not found necessary to measure 
the air flow. 
8.3 TEST SURrA", ', 'ES 
To study the heat transfer due to jet impingement, three 
different sizes of test target Perspex plates were used. 
The f irst plate was 460mm x 410mffi x 6mm, used initially 
for single jet studies, covering a field of 8 nozzle 
diameters (r/D = 8) measured from the stagnation point. 
It was then considered that with higher swirl jets the 
'r/D' field should. be increased to accommodate tho 
greater spread. Thus, a second plate of 420mm x420mm 
x 3mm was fitted flush with a larger plywood plate so 
that the Perspex formed one quarter of the area of the 
whole plate (see Fig. 8.6). This extended the Ir/D' 
field to 16. Since the multiple Jets studies were 
carried on a separate rig, a third plate of dimensions 
370mm x 370mm x 3mm was used to cover the array of 3x3 
square jets. 
To assist in the interpretation of the photographic re- 
cords, all these plates were inscribed with a series of 
grid lines forming 1.25mm, squares. The plate used for 
the multiple jet studies had a further finer 0.625mm 
square grid. The grooves of the grid lines were filled 
with black ink, which provided a suitable contrast with 
the background of naphthalene. 
These test plates are mounted in the impingement test 
rigs as described. in Chapter 4. 
8.4 EXPERIMENTAL DETAILS (SPRAYING) 
8.4.1 Control of Naphthalene Fi1m Thickness. 
For successful application of the thin-film naph- 
thalene mass transfer technique, it is essential 
that the film is of uniform thickness over the 
plate. It is also important to ensure that the 
naphthalene surface finish is smooth,, otherwise 
some Particles may be eroded away during the test. 
Furthermore, the resultant surface roughness could 
effect and increase the mass transfer rate. These 
requirements can be fulfifled if only small amounts 
of naphthalene are sprayed during each traverse and 
also if the sprayed solution does not flow freely 
over the surface, i. e. the solvent must evaporate 
almost immediately after spraying. 
One of the advantages of the naphthalene spray tech- 
nique is that the thickness of the film can be con- 
trolled so that the suitable test duration can be 
obtained. The factors which effect the quality and 
thickness of the deposited film include: - 
M The concentration of the solution. The-hi-gh(. vr 
the concen.; - 
tration of naphthalene in the solution, the 
thicker the layer of naphthalene sprayed 
during each pass. As previously mentioned, a 
concentration of 200 g/1 resulted in clogging 
of the spray nozzle and a concentration of 
100 g/1 was then used. 
(ii) The' 'solution' *fl*oW 'r'a: te. The main considera- 
tion in dictating 
the flow rate is that the amount of solution 
sprayed must not result in the solution flow- 
ing freely over the surface of the plate. 
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(iii)' Air' pYe'sstire. ' Airline pressure effects the 
atomisation of the solution 
and, to some'extent, the' clogging of the 
nozzle. 
(iv) Surf a: ce* 'no*zzl*e* 'geotetry.. The distance 
of the nozzle 
from the plate and it's inclination were as 
recommended by Neal (Ref. 105) and were found 
to be acceptable. However, these factors 
did not affect the spray to a great extent. 
(v) Stepper Motor 'feed 'rate. The spread of the 
jet was fairly wide 
so that low stepping rates resulted in a 
thick (fine) spray since each station on the 
plate was subjected to numerous spray passes. 
However, this also resulted in long spray 
duration to cover the plate. A stepping rate 
of 200 steps (i. e. a linear displacement 
, 
of 
1.6mm) was chosen so that a length of about 
40 cms. could be sprayed in an hour. 
(vi) Traverse'specd. The effect of various d. c.. 
motor speeds on the velo- 
city of the sprayhead have already been ill- 
ustrated in Plate 4. The traverse speed 
selected for most of the tests was 0.9 M/s. 
Higher speeds involved long acceleration 
periods whilst lower speeds could result in 
the deposition of excessive solution on the 
plate. 
It should, however, be pointed out that all the 
above-mentioned factors are interacting. Trial 
tests were carried out to achieve a suitable com- 
bination to give the require(] qualities in the naph- 
thalene surface. The various settings used were as 
follows: - 
(a) Solution concentration : 100 g/l. 
(b) Solution flow rate : 0.2 ml/s. 
(c) Air pressure :4 atmospheres. 
(d) Nozzle position : 22mm above 41. Ohe 
spray surface ut 
an angle of 450. 
(e) Plate feed rate : 200 steps; ]. in(,, -,, Lr 
feed 40 cms/hr. 
(f) Sprayhead traverse : 0.9 M/s. 
8.4.2 Measurement' 'of Ný2hthalenb' Film Thi*ckness. * 
To determinc the average naphthalene mass concentra- 
tion on the test surface, six thin glass slides of 
75 x25mm2 surface area were mounted at various posi- 
tions on the surface. The weight gained during 
spraying them yielded the film mass concentration. 
A balance with a resolution of 10-4 grams was used 
for weighing the slides. The scatter between various 
calibration slides in the same test was about 3-576. 
In later tests, thin plastic slides were used and 
this reduced the scatter (see also Section 9.2). 
Figure 8.7 illustrates -the various positionings 
used for the slides. If the slides were not mounted 
in line, their weights varied due to the free con- 
vection loss. This could, however, be allowed for 
to'give an average weight per unit surface area. 
The average film mass data must be corrected to 
allow for the rate of naphthalene loss by natural 
convection before the actual jet impingement mass 
transfer test. Two loss components can be identi- 
fied. The first applies to the whole plate and re- 
presents the loss during the pariod between the end 
of the spraying operation and the beginning of the 
actual mass transfer test. The other component 
occurs during the spraying and varies linearly over 
the plate. For a 410nun long plate, spraying can 
take as long as 3500s; the resultant film density 
(naphthalene mass per unit area) variation can be 
5-77o between the first and the last deposited layer. 
The necessary corrections can be determined from a 
knowledge of the spray period and the period from 
the end of spray to commencement of test. 
8.4.3 Recording of Clearance Patterns. 
To evaluate the mass transfer from the jet impinge- 
ment tests, it is necessary to make a record of the 
Clearance of naphthalene as the test proceeds. Photo- 
graphs taken at suitable intervals can be used for 
this purpose and curves of the radial variation (r/D) 
of mass transfer coefficient can be obtained from 
successive photographs. Average mass transfer can 
then be found, if required, by integrating these 
local variations. The whole procedure involved in 
determining the mass/heat transfer coefficients from 
a typical pattern is given in Appendix D. 
The camera used in the tests was a Practicka LTL. 3 
with a wide angle Flektagon 35mm lens. Clearance 
patterns were recorded using a black and white 126 ASA film. The aperture settings were adjusted man- 
ually to f 5.6 with an exposure time of 1/30 seconds. This, however, was dependent on the lighting arrang(-*-s- 
ment. 
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CHAPTER 9 
MASS TRANSFER MEASUREMENTS 
9.1 ''INTRODUCTION 
The local mass transfer coefficients were measured in the 
present study using the 'thin-film' naphthalene technique 
de-. >cribed in the previous chapter. Single free jets were 
examined at two Reynolds numbers, namely ReD = 32,000 and 
60,000. During these tests, nozzle-to-target plate spac- 
ings z/D = 2,4,6,8 and 12 and swirl numbers S=0,0.12, 
0.24,0.36 and 0.48 were investigated. In the multiple 
jet tests, three 'square' arrays (at nozzle pitches X/D 
3.2ý 4.8 and 6.4) were studied using similar swirl numbers 
as those for single jets. However , these multiple 
jet 
studies were confined to the lower Reynolds number, i. e. 
ReD = 32,000, due to the limited capacity of the available 
air supply. The Reynolds number appeared to have no 
peculiar effect on the mass transfer studies for the single 
jet and, therefore, it would seem that tests at only one 
flow rate would suffice to explain mass/heat transfer for 
multiple jet impingement. The number of tests was also , reduced by studying only three nozzle-to-target spacings, 
namely z/D 2,4 and 8, at two of the nozzle pitches - 
x/D = 3.2 and 6.4. Despite the reduced number of tests, 
sufficient information was obtained to determine the 
effects of swirl on jet-impingement heat transfers. 
Prior to commencement of the actual heat transfer tests, 
some preliminary experiments were necessary to examine 
effects such as the rate of loss of naphthalene due to 
natural convecition, the consistency of the sprayed film 
and the possibility of erosion of naphthalene during jet 
impingement. 
9.2 THE PRELIMINARY TESTS. 
(a) Estimation of Natural Sublimation Losses. 
Naphthalene losses due to natural convection during 
týe spraying period can. be significant (see section 
8.4.2). To estimate this effect, test slides were 
sprayed and the variation of the natural weight (mass) 
loss of the naphthalene with time was observed. It 
was found that this rate of loss was linear (over the 
test periods involved) and dependent to a large ex- 
tent on the ambient temperature. However, due to 
other variable disturbances in the laboratory, it was 
not possible to predict the losses solely on the basis 
of this temperature (see Fig. 9.1). Thus, it was de- 
cided that the slides which were sprayed together with 
the surface to measure the coating density would also 
be used to estimate the rate of weight loss due to 
natural convection (see section 8.1). Consequently, 
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1, 
the slides were weighed on two separate 6ccasionsf 
initially to establish the coating 'mass density' 
and secondly, to evaluate the natural rate of weight 
loss. 
(b) Consistency' 'o*f Spray. 
In the present tests, no attempt was made to measure 
the thickness of the sprayed coating since this in- 
formation is not required in the calculation of the 
mass transfer. The uniformity of the film was ob- 
served, however, by examining the mass deposition on 
several slides. The mean weight of these slides was com- 
pared, and the coefficient of variation (standard de- 
viation/mean) was found to be 0.006. The details of 
this analysis are given in Appendix E. 
A further check on the spray uniformity was obtained 
during one of the tests when two rows of four slides 
each were fixed 410mm apart on the test surface, see 
Fig. 9.2, and, subsequently, coated with naphthalene 
during the normal spraying process. As expected, 
the 'apparent' deposition on set B was greater due 
to natural sublimation effects during the spray per- 
iod. A second weighing of set A was employed to de- 
termine this effect, and the corrected coating mass 
densities were then in good agreement, see Table 9.1. 
TABLE 9.1 
COMPARISON OF THE NAPHTHALENE COATING DENSITY 
Apparent Corrected Time Between 
Coating Coating Spraying and 
Density Density llv'eigh*ing__ 
Set A. 3.309 mg/cms 
2 3.653 mg/cms 
2 4000s. 
Set B. 3,635 3,721 . 1000S. - 
Loss Rate: 8.59 x 10-5 mg/cms 
2/s. 
Distance Between 'A' and 'B' = 410iiun. 
Since the supply of the naphthalene/solvent solution 
was maintained at a constant rate over the whole test 
surface, the closeness of comparison between these 
two rows corroborates the assumption of the coating 
uniformity. 
A final qualitative, but nevertheless valuable, con- 
firmation of spray uniformity was also the symmetri- 
cal appearance. of th6 clearance pattern obtained 
from the single jet tests. These patterns were 
slightly ovalish in shape but, when 'corrected' for 
natural. naphthalene losses, were in good agreement 
with the expected circular patterns'associated with 
an axisymmetric jet, see Figure 9.3(a). Any sharp 
perturbations in coating thickness (e. g. due to 
temporary spray nozzle blockage) were reflected in 
the visual appearance of the clearance pattern, see 
Figure 9.3(b). 
(c) Erosion of the Naphthalene Coating. 
A test was conducted to establish whether erosion as 
well as sublimation was involved in removal of the 
naphthalene coating. A thin circular perspex sheet 
of'155mm diameter was sprayed-in the usual fashion 
and subjected to a jet impingement test. The weight 
loss from this surface was determined at frequent 
intervals. The decrease in weight was observed to 
be linear throughout the test, as shown in Figurc 
9.4. The test was discontinued before any clearance 
was apparent so that any erosion of the surface would 
cause the curve shown in Figure 9.4 to depart from, 
linearity, and this indicates that, with the present 
technique, naphthalene erosion does not occur. 
9.3 EXPERIMENTAL PROCEDURE 
. 
The experimental procedure is described in detail in this 
section, mainly with the aim of assisting future users of 
the present rig. The steps followed during a test were: - 
1. The test surfaces were cleaned and de-greased with 
a suitable solvent (acetone). The calibration slides 
were then weighed and fixed at the appropriate posi- 
tions on the test surface by means of double-sided 
adhesive tape. 
2. The spray mechanism was checked for any malfunction 
and, in particular, the head of the spray nozzle was 
cleared of any blockages. 
. 
3. The test plate was mounted on its carrier, as shown 
in Figure 8.3, and aligned so that it was horizontal 
and its axis of traverse was perpendicular to the 
motion of the sprayhead. 
4. The'plate was then sprayed, as discussed earlier in 
Chapter S. It is important that the digital clock 
is started upon commencement of coating and that 
the duration of the spray period is recorded. 
The 'calibration' slides*were carefully removed , from the test surface and weighed to determine the 
initial coating density. 
During the* spraying period, the air supply to the 
main test rig was switched on and adjusted to the 
appropriate test conditions. This allowed the temp- 
erature of the jet to settle to a steady value prior 
to the mass transfer measurement. The period required 
for the attainment of this steady state was about 30 
minutes. 
. 7. The sprayed test surface was mounted in the mass ý 
transfer rig and aligned orthogonally to the jet(s). 
During this operation, the naphthalene was shielded 
from the jet. 
8. The shield was removed and the mass transfer test was 
commenced. The time (i. e. the zero) for the clearance 
prof ile was recorded. 
9. The photographic equipment was arranged so that the 
camera was mounted at the rear of the test surface 
with the source of illumination shining through the 
test surface. 
10. Whenever a photographic record was made, the corres- 
ponding period from the commencement of the test was 
noted. No predetermined 'time-steps' were followed. 
The need for a photograph was based on visual observa- 
tion of the clearance pattern. In general, shorter 
intervals were maintained between photographs during 
the early clearance stages since these provided in- 
formation in regions of high mass transfer. The 
'clearance' time corresponding to the 'stagnation 
point' was recorded from visual observation. The 
measurement of clep. rances within small radial distances 
(r/D < 0.3) from stagnation presented special problems 
and these are discussed later in section 9.4. 
Approximately 8 to 12 photographs were taken during 
each test. These were sufficient to obtain the dis- 
tributions of the mass (heat) transfer coefficient. 
11. The surface and free stream temperatures were measured 
at various stations during the test. Accuracy of 
temperature measurement is important with this mass 
transfer technique and is discussed further in section 
9.5. 
12. Finally, the calibration slides were re-weighed after 
a period of at least 2,000 seconds had elapsed since 
the original weighing. The difference between the 
two weights gave the rate of sublimation loss of naph- 
thalene by natural convection. 
to obtain 13. The calculation procedureKheat transfer coefficients 
from the data generated in the test are presented in 
Appendix D.. 
9.4 STAGNATION POINT MEASUREMENTS. ' 
As mentioned in the previous section, the 'near-stagnation 
point' clearance was difficult to deterrýine, particularly 
in the tests at high swirls or large z/Dls (generally 
. z/D > 6). One is attempting to estimate clearance at4a 'point' and this can be rather 'inexact'. Therefore, two 
readings were taken, one corresponding to the earlier esti- 
mate and the other when a definite clearance was estab- 
lished. The mean of these values was then used. Alter- 
natively, in some tests photographs were obtained at f: re-. t.. 
quent intervals as thelregions cleared and these mass 
transfer results were extrapolated to the stagnation point 
value (also see Appendix E). 
A possible development is to use transmission of a laser. 
beam through the plate at the stagnation region (Ref. 112). 
A laser light source is arranged so that the beam passes 
through the stagnation point if the plat ,e 
is clear and 
falls onto a photocell. The output from the cell is fed 
to a chart recorder. The uncertainty involved in the ana- 
lysis of the chart recorder traces is, however, similar 'to 
that for visual estimations. Nevertheless, the laser 
method excludes subjective 'human error'. In the present 
tests, unfortunately, the use of this method is hindered 
since the initial clearance, i. e. the maximum mass trans- 
fer, can often not occur on the jet central axis due to 
the swirl effects. 
9.5 NAPHTHALENE TEMPERATURE MEASUREMENT. 
The driving force for the sublimation of naphthalene is 
the difference in vapour pressure between the surface and 
the free stream, see section 7.5. The Yapourpressure of 
naphthalene can be estimated-laccurately if 'the surface 
4_ Lemperature is known. However, this is often difficult 
to measure and it is more conven-. I. ent to determine the temperature of the free-stream fluid. ' Th 
,c 
error due to 
this is small unless the test duration is short, since the effects of surface temperature depression due to sub- limation are small. At temperatures above ambient, i. e. 25C, the change of vapour pressure with temperature is high so that extremely accurate estimates of temperall-ures 
are required. Even at temperatures around 15C, vapour 
pressure can vary with temperature by approximately 107o 
per degree C. 
In the case where the temperature of the jet is equal to that of the surroundings, mixing of the jet does not al- ter the temperature of the flow. The determination of the temperature at the naphthalene surface becomes rela- tively easy. Unfortunately, this ideal could only be. 
achieved for the single jet tests at the lower Reynolds 
number. For some of the tests at'ReD = 60,000, the initial difference between the jet and the surroundings was about 
2C. ThiQ djXXerence was eyen more marked in the multiple 
jet studies where, in some cases, the difference was as 
high as 5C. In both'these cases, the use of a single 
station Twasuroment for the jet temperature was obviously 
inaccurate. Therefore, the temperature of the air stream 
flowing over the surface was measured using a digital 
thermocouple (Kane and May Instrumentation) with a resolu- 
tion of 0.1C. This probe had a 0.8mm diameter cylindrical 
tip which, in fact, was the junction of the thermocouple. 
In the case of the multiple jet assemblies*, measurements 
were made at the surface of a 'dummy plate' which replaced 
the usual test surface. Small holes were drilled in this 
plate and the temperature probe was inserted through the 
rear of the plate approximately flush with the surface, see 
Figure 9.5. Temperatures were recorded when the jet achieved 
steady-state, and it is estimated that the individual temp- 
eratures measured to within 0.3C of each other. Since the 
multiple jot tests were of comparatively shorter duration, 
the ambient temperature remained constant during this period. 
Thus, the temperatures measured at the 'dummy' plate wore 
used for the test surface. 
4 
9.6 EFFECT OF THE VARYING BOUNDARY CONDITIONS 
Wilkie and White (Ref. 103) were first to point out that the 
mass transfer boundary condition, equivalent to one of con- 
stant temperature, is modified by the appearance of bare 
patches during the thin-film sublimation process. The effect 
of these bare patches is to cause increased mass transfer 
, 
imm- 
bdiately downstream. Neal (Ref. 105) found this effect to be 
negligible and pointed out that the 'bare patch' effect is 
transient in nature and influences a particular position for 
a relatively short time. Furthermore, it may also be empha- 
sized that the mass transfer process is only affected immed- 
iately before the naphthalene clears from the plate surface. 
Thus, in the present work, the effect of the. varying boundary 
conditions was considered to be negligible. The possible error- introduced by this assumption may be the prediction of slightly higher heat transfer coefficients. Further details on the 'bare patchl effect may be seen in Ref.. 105. 
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CHAPTER 10 
HEAT TRANSFER -'RESULTS AND DISCUSSION 
10.1 INTRODUCTION 
The heat transfer measurements obtained for both single 
and multiple jets are presented and discussed in this 
chapter. The experimental programme involved measurements 
of the effects of Reynolds number, nozzle-to-plate spacing 
z/D, nozzle pitch x/D (for multiple jet systems),. and 
swirl number S. In single jet studies, a total of 52 
tests (including initial assessment of the repeatability) 
were undertaken at ReD = 32,000 and 60,000, whilst z/D 
ranged from 2 to 12 and S was varied in steps from 0 to 
0.48. The investigation of the performance of mýiltiple 
jets involved 55 tests covering similar swirl numbers and 
nozzle-to-surface spacings at nozzle pitches x/D = 3.2, 
4.8 and 6.4. These tests were carried out, however, only 
at ReD ý 32,000 (also see Section 9.1). 
In the present chapter, initially the single jet results 
are discussed while those for the arrays of multiple jets 
are then considered in Section 10.5. The present data 
were self-consistent and comparisons have been drawn with 
published results of previous studies wherever possible. 
In general, these results are only available for non- 
swirling jets but the average measurements of Dunn (Ref. 
25) for arrays of multiple, impinging swirling jets are 
also examined and compared. Tests were also carried out 
to examine the repeatability and validity of the present 
experiment-al technique. 
10.2 CLEARANCE PATTERNS 
The mass transfers were obtained using a 'thin-film' naph- 
thalene sublimation technique which involved the determina- 
tion of 'clearance' over the test surface. These naphtha- 
lene clearance patterns were usually recorded photographi- 
cally throughout the test at various stages of clearances. 
Eight*to twelve photographs were generally taken, and the 
,, subsequent method of calculating the mass/heat*transfer 
coefficients is described in Appendix D. 
A typical set of photographs obtained in one of the single 
jet tests (S = 0.12, z/D =6 and ReD = 60,000) is illus- 
trated in Plate 5 (for conciseness only, seven of a total 
of twelve photographs are presentcd). The mean value of 
the extent of the radial clearance Irl (see Section 10.4.3 
and Appendix D for further'explanation) and the corres- 
ponding heat transfer coefficient IhI are quoted on each 
photograph. The radial variation of IhI in this test is 
also shown and the data points appropriate to the photo- 
graphs are marked. Plate 5 also illustrates that a symm- 
etrical pattern is obtained for the initial clearances. 
However, as the clearance extends, the pattern tends to 
become more oval due to the initial variation in the thick- 
ness of the naphthalene on the test plate. The diffi- 
culties discussed in Section 9.4, namely the problem of 
determining stagnation point mass transfer and also of 
accurately estimating clearance radii of less than 6mm, 
are also apparent from this series of photographs. 
10.3 INITIAL REPEATABILITY TESTS 
Three independent single jet tests were undertaken with 
the following conditions maintained constant, swirl S 
0.12p ReD = 60,000 and z/D = 4. The resultant radial 
variations of the heat transfer coefficient are plotted 
in Figure 10.1. The three distributions are in good agree- 
ment except for near stagnation values where differences 
of about 107o are apparent. However, as discussed in Sec- 
tion 9.4, it is difficult to estimate the 'exact' time 
for clearance at the stagnation point. Moreover, extra- 
polation of the separate variation curves to r/D =0 pro- 
duced more consistent results in this case. 
Thus, the present experimental technique appears to be 
reasonablyj repeatable. Sources of error in the deter- 
mination of the heat transfer coefficients are discussed 
in Appendix E. 
10.4 SINGLE JET STUDIES 
. 
10.4.1 Stagnation Point Heat Transfer;. 
The variation of the heat transfer coefficient at the 
stb. gnation point (ho) with the nozzle-to-plate spacing 
at a particular swirl is similar at both the Reynolds 
number of ReD = 32,000 and 60,000, and is illustrated 
in Figure 10.2. In the subsequent discussion, the 
swirling and non-swirling jets are treated separately. ' 
(a) Non-swirling jets. 
For the non-swirling jets (i. e. S =0), ho increases 
up to z/D = 5.0 (approximately) and then subse- 
quently decreases. Such maxima were also observed 
by previous researchers, e. g. Gardon and Cobonpue 
(Ref. 35) and Koopman and Sparrow (Ref. -50). They 
attributed this behaviour to an initial increase 
in turbulence along the jet axis due to mixing 
with the quiescent surroundings. This increase in 
turbulence can even outweigh the effects of velo- 
city decay, as discussed earlier in Section 2.3. 
Gardon and Cobonpue found that the axial position 
of this maximum heat tiýansfer was dependent on the 
nozzle diameter (which affected the turbulence 
characteristics) and varied from 5.5D to 8D. More- 
over; as in the present study, the Reynolds number 
was found to have little effect on this position. 
In Koopman, and Sparrow's study, the maxima occurred 
at z/D =4 (approximately). However, it should be 
noted that this value was approximate and was 
selected subjectively because of the paucity of data between z/D =4 to 7. The present estimated 
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value of 5.0 is., thus, broadly in'accordance with 
the findings of these early studies and, moreover, 
approximately coincides with the end of the 'pot- 
ential core' of the present jet. 
Vallis et al. (Ref. 38) proposed that the stagnation 
point heat transfers can be correlated as 
Nu 
0= -1.93 
ReD 0.58 Pr 0.33 (Z/D) -0* 74 - 
(2.5) 
quoted earlier in Section 2.3.1. This equation is 
strictly valid only for 3,880 <, ReD <, 23,000 and. 
10 < z/D < 20 so that the direct Comparisons cannot 
be made with the present arrangement. However, 
once the jet is fully, developed, the above formula 
can be extended to higher ReD (unless compressi- 
bility becomes significant). Thus, it is probably 
reasonable to compare the present measurements at 
z/D= 8 and 12 with Vallis' predictions, see Table 
10.1. Table 10.1 also quotes values from Refs-6 
and 35 at approximately similar Reynolds numbers. 
TABLE 10.1 
COMPARISON OF MEASURED 'Nu. ' WITH THOSE 
OBTAINED BY PREVIOUS WORKERS 
Stagnation Point Heat Transfer Nuo 
Re z D . - / D Present Gardon & ._ Measurement Vallis et al ue 
Kabarl 
32,000 8 
... 
183.6 152.3 123.6* 160.0 
12 103.4 112.8 105.8 
600000 8 265.1 219.3 172.2** 178.0'.. 
12 184.2 162.4 153.0 
Re U= 280000 
ReD = 56,000 
ReD = 55; 000 
The present values of Nuo are in reasonably good 
agreement-with other tabulated values since the 
difference between some researchers has been found 
to be as high as 707o (Ref. 38). These wider differ- 
ences can generally be explained by differences in 
the detailed jet geometry and turbulence character- 
istics. 
(b) Swirling Jets 
Figure 10.2 also presents the stagnation point heat 
transfers for various degrees of swirl. In all the 
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cases except S =0.48, the stagnation point coin- 
cides with the intersection of the jet axis on the 
plate. For S =0.48, the maximum value is dis- 
placed from the jet axis and is, quoted as the. 
stagnation value in this discussion. 
In all the swirling jet cases, the maximum value 
of Nuo occurs at z/D = 2, i. e. at the closest 
nozzle-to-surface spacing examined in the present 
tests. The heat transfer coefficient thereafter 
decreases continuously as the spacing increases. 
At z/D = 2, the initial application of swirl brings 
about an increase in the stagnation heat transfer 
(compare he at S =0 and S =0.12). This ' 
increase 
is obviously due to the higher turbulence inten- 
sities observed in the swirling jets, see Figure 
6.28. At ReD =32,000, the stagnation heat trans- 
, 
fer at S =0.24 is also greater than that measured 
in the non-swirling case. In general, it is inter- 
esting to note that the turbulence intensity varia- 
tions presented in Figure 6.28 and the heat trans- 
fers 'he' in Figure, 10.2 exhibit similar trends 
(e. g. compare the variations for S =0 and S =0.12 
in Figures 10.2 and 6.28). 
The dependence of the stagnation point heat trans- 
fer coefficients on the jet velocity at the impinge- 
ment in addition to the turbulence intensity can 
also be illustrated by comparing the values for 
he at S= 0 and S =0.36 for z/D =2 and ReD =32,000. 
The turbulence intensities in both cases are rough- 
ly equal (9 and 9.8 peýcent for S =0.36 and S =0, 
respectively). However, he =215 W/m? -s for S =0 and 
ho =183.3 IV/M2S for S =0.36 ' and this may be ex- plained since the corresponding arrival velocity 
at the higher swirl is only 15.8 m/s as compared 
to 22.5 m/s for the non-swirling jet. 
10.4.2 Heat Transfers in the-Impingement Region of 
the Non-Swirling Jets. 
Due to the strong dependence of the stagnation point heat transfer on detailed jet geometry and turbulence 
characteristics, it is often difficult to make compari- 
sons between various studies. This may be overcome to 
some extent by determining the heat transfers over an impingement region surrounding the stagnation point. This region, as discussed in Section 2.4, is character- ised by the presence of a strong negative pressure grad- ient at the impingement surface. The extent of this 
region was defined earlier in Equation 2.1 (Ref. 30) 
as: - 
rp = 0.284 z 
where, rp = radius of the impingement region. 
Equation 2.1 is valid for z/D> 12. In the present 
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tests, the possible comparison with other researchers 
such as Vallis et al (Ref. 38) and Gardon and Akfirat 
(Ref. 36) can only be made for the heat transfer varia- 
tions obtained at z/D =12, see Figure 10.3. Both the 
Nusselt and Reynolds numbers are based on the diameter 
of the target (i. e. the impingement region). The pre- 
sent results are about 5% higher than the previous 
published results. 
10.4.3 Radial Variation of Heat Transfer Coefficient. 
The radial variations of the heat transfer coefficients 
over the impingement surface were essentially symmetri- 
cal about the central axis of the jet, so that the plots 
are centered about this axis in all the figures from 
Fig. 10.4 to 10.23. The radial distance corresponding 
to a particular-coefficient represents an 'average' 
radius of the clearance pattern. The method of obtain- 
ing the average Irl is discussed in detail in Appendix 
D. Figures 10.4 to 10.8 present the heat transfer at 
the Reynolds number ReD =32,000 at various nozzle to 
target spacings (z/D =2 to 12). Each of the plots 
corresponds to one of the swirls (S =O, 0.120 0.24,0.36 
and 0.48) in this investigation. Similar presentations 
for ReD= 60,000 are shown in Figures 10.9 to 10.13. The 
heat transfer data are also replotted in a different 
form, i. e. the variation of IhI with r/D for varying 
swirls at each value of z/D. Figures 10.14 to 10.18 
are such plots at ReD =32,000 and Figures 10.19 to 10.23 
present the results at ReD =60,000. The radial fields 
for these results are 0< r/D e, 8.5 at the lower Rey- 
nolds number and 0< r/D < 10.5 at ReD =60,000. 
Observations of these plots, Figures 10.4 to 10.23, in- 
dicate that the heat transfer generally behaves in a 
similar fashion at both the Reynolds numbers. Therefore, 
in the. ensuing discussion', reference is only made to 
the results at ReD =32,000. Minor differences in the 
behaviour at ReD =600000 are discussed later in the 
text. 
(a) Non-swirling jets. 
As illustra- 
' 
ted in, Figure 10.4, the heat transfers 
-at z/D= 2 and 4 for the non-swirling flow exhibit 
secondary peaks at r/D =2 (approximatcly). These 
peaks are associated with the laminar to turbulent 
transition in the wall jet flowing over the surface 
, of the plate. This phenomenon has been observed by 
several other authors, e. g. Refs. 35 and 36, and has 
been fully discussed in Section 2.4. The flow 
transition is less apparent at z/D =6 but is, never- 
theless, reflected by a sharp variation in tile slope 
of the plot at r/D= 2. The distribution at the 
higher nozzle-to-target separations (i. e. z/D =8 and 
12) display no such perturbation, thus probably im- 
plying a completely turbulent flow over the impinge- 
ment surface. At z/D's from 2 to 8, IhI decreases 
7j 
sharply with anAncrease of 1r/D1, whilstradial 
decay in heat transfer at z/D = 12 is more grad- 
ual (e. g., at z/D =8, in Figure 10.4, the value 
'h/hol at r/D =3 is 0.41 whilst at z/D =12, this 
ratio is 0.60 signifying more uniformity). 
In Figure 10.24, the present radial heat transfer 
distributions 
, 
at ReD = 32,000 for the non-swirling 
flows are compared with data published by Gardon 
and Cobonpue (Ref. 35) for ReD = 28,000. The curves 
are presented in a form similar to that sug ested 
by Wolfshtein (Ref. 113), i. e. St. ReD 1/3 prff3( plotted 
against r/D for various z/Ds. This form has the ad- 
vantage of taking into account the variations of 
Reynolds and Prandtl numbers, under different test 
conditions. For the sake of clarity, comparisons 
are only made between curves corresponding to z/D 
=. 4,6 and 12 in the present tests and the plots 
for z/D = 4,6 and 16 obtained by Ref. 35. At each 
of the similar nozzle-to-target spacings, the re-' 
sults from the two studies are in good agreement 
and corroborate the observation that the heat trans- 
fers become more uniform with increasing z/D. Fur- 
'thermore, it may generally be concluded that the 
present data exhibit similar qualitative and quan- 
titative trends to those of olther investigators, - thus once again confirming the validity of the ex- 
perimental technique. 
(b) Swirling Jets 
The presence of the swirl in the flow considerably 
affects the heat transfer profiles depending on the 
swirl number (i. e. the intensity of the swirl). The 
effects of swirl can be seen by comparing the plots 
obtained at various swirls with those of the non- 
swirling jet. For the lowest swirl studied, S= 
0.12, the effects of varying the nozzle-to-impinge- 
ment surface spacing (z/D) can be seen in Figure 
10.5. At z/D =2, the distribution exhibits similar 
trends to those for S =0. The secondary peak in the 
heat transfer due to the laminar to turbulent tran- 
sition is almost indistinguishable from that for 
S =0. This is more clearly apparent in Figure 10.14 
which shows plots at various swirls at constant z/D. 
The values of 'h' are higher at the stagnation point 
for. S =0.12 when compared to S= 0 due to the in- 
creased turbulence in the swirling jet (see Figure 
10.2). For radial distances r/D > 2.5, however, the 
plots associated with S-0.12 exhibit slightly lower 
values. At z/D =4, the secondary peak, although 
present in the non-swirling case, is absent for 
S =0.12, see Figure 10.5. This can possibly be ex- 
plained in terms of a lower impingement velocity 
which*onsures the presence of a fully turbulent wall 
jet. It may be recalled that decrease in velocity 
even for S= 0.12 is considerable. At z/D =4, the 
velocity at the centreline of the jet was found to 
be 0.7 ue compared to 1-0 ue for S =O, see Figure 
6.7 Similarly at z/D =6, the distribution is 
smoothly continuous, unlike the variation at S= 0 
which exhibited a discontinuity at r/D =2 (i. e. 
compare the plots for S =0 and S =0.12 in Figure 
10.16). At the next highest nozzle-to-plate spac- 
ing studied, i. e. z/D =8, the distribution at S= 
0.12 is more uniform than that for the non-swirling 
jet (e. g. -h/ho at r/D is 0.27 for S =0.12 and 0.23 
*for S =O). At z/D =12, the shape of the distribu- 
tion is similar to that for the non-swirling jet, 
although heat transfers are slightly lower (compare 
plots for S= 0 and S =0.12 in Figure 10.18). 
Figure 10.6 illustrates plots of the radial varia- 
tions of 'h' for S =0.24 for different z/Ds. It is 
apparent upon comparing Figures 10.5 and 10.6 that 
heat transfer characteristics at S =0.24 follow 
similar trends to those at S =0.12. Once again a 
secondary peak is present only at z/D =2 although 
the magnitude of the peak in this case is lower, 
than those at S =0 and 0.12 (see also Figure 10.14). 
This reduction is in line with the decrease in the 
axial velocities at the higher swirls, e. g. compare 
velocity distributions for S=0 . 12 and 0.24 in Fig- 
ure 6.6. At all other z/Ds (i. e. 4 to 12), heat 
transfer distributions are very similar to those 
for S= 0.12 though in most cases the values are 
slightly lower in magnitude. 
However, at S= 0.36 the heat transfer characteristics 
are significantly altered. The secondary peak. is 
now absent at all z/Ds, see Figure 10.7. The heat 
transfer coefficient for the region r/D =0 -6 are 
considerably lower than those for the non-swirling 
jet (e. g. compare the plots for S =0 to S= 0.36 in 
Figures 10.14 to 10.18). The variation in 'h' is 
more uniform, e. g. at z/D=6, h/ho at r/D=3 is 0.41 
for S= 0 and 0.61 for S =0.36. 
At the highest swirl studied in this investigation, 
namely S= 0.48, the maximum heat transfer is dis- 
placed from the central axis at all z/Ds to a sta- 
tion r/D= 1.25 (approximately),, see Figure 10.8. 
The peaks are extremely prorhinent at the lower 
spacings, i. e. z/D =2 and 4, but - become less pro- 
nounced at higher z/Ds. Comparatively low heat 
transfers thus ensue in the central region of the 
impingement surface corresponding to the central 
core of the jet. The presence of this low heat 
transfer region may be expected at low nozzle-to- 
target spacings because of the double peak profi"Les 
observed in the velocity measurements at z/D =2, 
. see Figures 6.6 to 6.8. However, these peak velo- 
cities were found to be at r/D =0.3. This, coupled 
with the persistence of the low heat transfer core 
at spacings up to z/D= 12 suggests that this behav- 
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iour cannot be explained simply in terms of the 
velocity distributions. It should be pointed out, 
however, that the velocity profiles were obtained 
in a free jet in the absence of the target plate. 
It would, therefore, seem likely that the heat trans- 
fer characteristics are associated with recircula- 
tion in the central region. 
As mentioned earlier, the heat transfer behaviour 
at ReD =60,000 is generally similar in trend to 
that at ReD= 32,000. However, since the values of 
IhI at ReD= 60,000 are higher than those at the 
lower flow, they do not tend to become asymptotic 
at r/D =8.5 and the plots have thus been extended 
to r/D =10.5. 
To summarise this discussion, the general effectýof 
swirl is to produce a lower value of IhI, except at 
or near the stagnation point. The heat transfer 
profiles also tend to become more uniform, especially 
at S= 0.36. The laminar to turbulent transition of 
the deflected flow is also affected by the swirl 
since the impingement velocity decreases consider- 
ably with the swirl. 
10.4.4 Average Heat Transfer, - Single'Jet Tests 
(a) Non-swirling Jets. 
The radial heat transfer variations in Figures 
10.4 to 10.13 were integrated to yield average heat 
transfers (H or Rud). The resultant average value 
depends largely on the area over which the integra- 
tion is carried out. Typical effects on R_u of 
altering the area of integration are shown in Fig- 
ure 10.25 where the average heat transfers are 
plotted for different nozzle-to-target sp. acin'9 z/D 
in the non-swirling case (for both ReD",,,: 32,000 and 
60,000). The numerical values of Mu obviously de- 
crease as the heat transfers are averaged over a 
large area, since the local heat transfer coeffi- 
cients generally decrease with increasing distance 
from the stagnation point. The plots at z/D =2 and 
4, however, exhibit a slight increase in Nu between 
1.5 < r/D $ 2.5 because of the presence of second- 
ary peaks in the lateral variation of IhI at these 
separations. The Nu - z/D variation is also 
affected by the integration area or 'target area', 
see Figure 10.26 which presents Ru- for two target 
areas defined by 0< r/D < 4.25 and 0< r/D <, 8.5. 
The average Nusselt number based on the smaller in- 
tegration area decreases sharply as z/D increases 
from 4 to 6, whereas Mu associated with the larger 
area varies more gradually. Several previous in- 
vestigators, e. g. Gardon and Cobonpue (Ref'. 35), 
Huang (Ref. 39) and Sitharammaya and Raju (Ref. 40), 
have commented that the average heat transfer,,.,, re- 
main fairly constant for 0< z/D < 8. However, the 
average value quoted in these studies corresponds 
to 'large integration areas' (e. g. Huang averaged, 
between 0 -20 nozzle diameters). Figure 10.27 re- 
produced from Ref. 35 illustrates the effect of the 
'target area' on the variation of R with nozzle- 
to-target spacing. In particular, the relatively 
slight decrease at the largest integration area 
(r/D) should be noted. This diagram is in general 
accord with the present data since the average 
values corresponding to the larger target area 
(r =0 to 8.5D) show only a slight decrease with an 
increase of z/D, see Figure 26. 
The 'average' heat transfers obtained for the pre- 
sent non-swirling jets were compared with the foll- 
owing empirical correlation quoted by Martin (Ref. 
34). 
WU/Fýr 0.42 = D/r .1-1.1 
(DZr) 
- F(Re) 1+0. l(z/D - 6) (D/r) "* 
(10.1) 
where, 
0 Re D 
0.55 
0.5 F(Re) =2 ReD 15 (1 + 200 ) 
This equation is valid for 2,000 ReD, <400,000, 
2.5 < r/D < 7.5ý 2-, <, z/D <, 12, and has been found 
to provide a reasonable fit 
, 
to previously published 
data including those of Gardon and Cobonpue (Ref. 
35) and Smirnov et al (Ref. 49). As shown in Figure 
10.28, the present results lie close to this gener- 
al curve so that it may be concluded that present- 
tests are in reasonable agreement with previous pub- 
lished results for impingement of a non-swirling 
jet. 
(b) Swirling Jets 
The average heat transfers obtained over a target 
area specified by 0 ý, < r/D < 8.5 are plotted against the degree of swirl for various z/Ds in Figure 
10.29. The Nusselt number decreases as the swirl 
is increased for virtually all the nozzle-to-target 
spacings. For z/Ds ,<8, the rates of decay are 
similar for all spacings, wbilst the decay in heat 
transfer is less pronounced at z/D =12. Figure 
10.30-is a representation of the data and illus- 
trates the variation of Ru with z/D at various 
swirls. It is clearly apparent from this figure 
that, for nozzle-to-surface separations up to z/D 
=5 and for swirl nunibcrs S, <, 0.24l the variations 
in heat transfers are relatively slight. At the 
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higher swirls, however, the, reduction in heat trans- 
fers, over this z/D are more'marked. 
The effect of the area of integration on the for 
swirling jets is illustrated in Figure 10.31. The 
plots refer to only two of the swirls, i. e. S= 0.24 
and 0.48 at ReD =60,000, but these are sufficient 
to illustrate significant trends. The effects at 
S =0.24 are similar to those for the non-swirling 
jet, as shown in Figure 10.25. The variation at 
z/D =2 is consistent with the presence of a second- 
ary peak in the lateral variations of 1h1. The 
variations for S =0.48, however, show that the heat 
. transfer increases as the integration area is in- 
creased upto r/D =2 (approximately). This behaviour 
is obviously due to the presence of the low heat 
transfer 'inner core' at this high swirl. Neverthe- 
le 
, 
ss, for r/D > 3, the heat transfers decrease in a 
similar fashion to the previously considered varia- 
tions for S= 0 and S =0.24, compare Figures 10.25 
and 10.31. The effect of the integration area on 
the heat transfers is such that the conclusions 
that have been previously drawn are unaffected, i. e. 
(i) application of swirl reduced the 
average heat transfer associated 
with an impinging jet, and 
(ii) the average heat transfer due to 
an impinging jet (at all swirls 
S<0.48) decrease as the nozzle- 
to-surface spacing is increased. 
An attempt was made to produce a quantitative assess- 
ment of the effect of swirl on impingement heat 
transfer. It appeared reasonable to apply a corre- 
lation of the form: - 
Ru- =a(Re D) 
b (Pr)3 ('z/D) d (S)e (10.2) 
The indices for the Prandtl number (Pr) and the 
nozzle-to-target spacing (z/D) were chosen as 0.33 
and -0.2 respectively. This first index is most 
commonly employed to express the effect of changes 
in Pr in the jet impingement systems whilst the use 
of an index of -0.2 on z/D has been suggested by Hilgeroth (Ref. 51) and Wolfshtein (Ref. 113). 
Thus, the expression, 
Nu =C Re D 
0.8 
Pr 0.33 (z/D)-o .2 (SfO. 2 (10.3) 
where C depends on the area of integration and is 
equal -to 0.022,0.018 and 0.014 for target areas 
0< r/D < 4.25,0 < r/D < 6.5, and 0 ,< r/D < 8.5 respectively. 
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This equation was found to provide 'best fit' for 
the data and is valid for :S =0.12 to 0.48, ReD 
= 329000 - 60,000, z/D =2 to 12, and r/D= 4.25 to 
8.5. The scatter associated with this correlation 
is illustrated in Figure 10.32 where the experimen- 
tal measurements are compared with the predictions. 
Percentage scatter bands are also presented, and it 
appears that 95% of-the data fits the correlation 
within ± 10%. 
A further attempt to provide an overall assessment 
of the effect of swirl on average heat transfer., - 
was undertaken. The present data was plotted as 
the ratio of the average Nusselt number (r/D= 0 -- 
8.5) in the swirling case to that for the non-swirl- 
in'g*flow, i. e. (N-us/Tuns) against the swirl number, 
see Figure 10.33. The effect is dependent on the 
n6zzle-to-target spacing so that the scatter is 
considerable,, especially at the higher swirls S 
0.36 and S=0.48. However, a mean line can be 
plotted and this can be used to provide an approxi- 
mate estimate of the average heat transfer assoc- 
iated with the swirling jet. 
j 
10.5 MULTIPLE JET STUDIES 
10.5.1 Local Heat Transfers 
The local heat transfers obtained in the multiple Jet 
tests (see Section 10.1 for details of the experimental 
parameters) are presented as contours of heat transfer 
coefficient IhI over the impingement surface. A plot 
of this form provides information over the whole field 
and was, thus, selected as being more useful than grap4- 
ical distributions of IhI (or Nu) along -a particular 
radial direction, particularly since the axial symmetry 
does not exist with an array of impinging jets. Further- 
more, the contour lines also illustrate the heat trans- 
fer distribution over the surface more readily, e. g. 
lesser lines for a plot mean a more uniform variation 
of IhI. 
The contours are plotted for the central jet which was 
completely surrounded by the other 8 jets in the array, 
see Figure 10.34. Furthermore, 'only a quadrant of the 
square area associated with this central jet is consid- 
ered since the remaining quadrants are symmetrical. A 
value of 25 w/m2K was chosen as the increment in 'h' 
between successive contours. Appendix D outlines the 
method of 
, 
obtaining the contours. Tests were only 
undertaken at ReD= 32,000. 
Figure 10.35 illustrates the effect of the jet nozzle 
pitch (x/D) and the degree of swirl (S) at a nozzle-to- 
plate spacing z/D -: -- 2. Each horizontal group of diagrams 
presents the variation with changes in swirl numberý i. e. diagrams are given for S=(), 0.12,0.24,0.36 and 
0.48, at a constant nozzle pitch. Figures 10.36 and 
10.37 contain similar plots for z/D =4 and 8. In all 
these plots, stagnation point and integrated average 
heat transfer coefficient are also quoted. For S= 0.48, 
the maximum heat transfer does not occur on the central 
axis of the jet for some cases so that a broken line 
indicates the position of these maxima. It is diffi- 
cult to determine the effect of nozzle-to-impingement 
surface-separation from Figures 10.35 to 10.37 so a 
further group of contours are plotted at a constant 
x/D =4.8, see Figure 10.38. This Figure illustrates 
the effect of changes in z/D from 2 to 12. 
The contours plotted in Figures 10.35 to 10.38 appear 
to be self-consistent and vary in a regular fashion 
which can be explained by considering the geometrical 
parameters (x/D, z/D) and the flow conditions (i. e. 
degree of swirl). Strong interactions which yielded 
secondary peaks can be observed and these may be attri- 
buted to the meeting of the wall jets from the adjacent 
nozzles. Laminar to turbulent transitions in the jets 
flowing over the target surface and the effects of the 
low pressure, i. e. high swirl 'inner core', are also 
apparent. 
The detailed behaviour of the healt transfer distribu- 
tions can be studied by initially considering the con, 
tour at z/D =2. Changes due to variations in z/D may 
then be examined later. The diagrams corresponding to 
z/D =2 and x/D =3.2, (i. e. the top horizontal group in 
the Figure 10.35) exhibit interactions between the ad- 
jacent jets for all the swirls, except for S =0.48. 
These interactions occur midway along the lateral line 
joining the axis of the jets, and are particularly 
strong for S= 0 and S= 0.12. In these cases, the 
values of 1h1 at xi/x= 1 (i. e. the mid-point between 
adjacent jets) is, in fact, higher than at the central 
stagnation point (xi/x =0). Moreover, it is apparent 
that the heat transfers are influenced and distributed 
over a region extending from xi/x =0.75 to 1.0. These 
effects become weaker as the degree of swirl is in- 
creased, e. g. for S =0.36 the region over which the interactions are apparent extends only from 0.84 to 1.0. The values of IhI at x/xi =1 are now less than those 
on the central axis of the jet. At the maximum swirl 
studied, S =0.48, these secondary perturbations are no longer observed and this probably signifies that the 
adjacent jets mix before impingement. The prior mix- ing results in a relatively more uniform heat distribu- tion when compared to those for the other(swirls. This 
particular plot (i. e. for S= 0.48) also exhibits the 
presence of the 'inner core' region similar to that ob- 
served for single free jets, see Figures 10.8 and 10.13. It is also apparent from all these 
, contour plots 
that 
the lower'heat transfer is observed at xj/x =1 (i. e. 
midway along the diagonal pitch). This is because of 
a relatively stagnant flow in this region. 
One of the main differences at an increased nozzle 
pitch of x/D= 4'. 8 (i. e. the second row in Figure 10.35) 
is the presence of a laminar to turbulent transition 
in the deflected wall jet region for S =0 and 0.12. 
Because of this transition and the strong interaction 
between adjacent jets, a complicated heat transfer dis- 
tribution ensues over the surface. As the swirl is in- 
creased to S =0.36, the interaction between jets again 
decreases as was observed for the closer pitch x/D= 3.2. 
The 'low heat transfer core' for S =0.48 is still pre- 
sent. However, unlike the situation at x/D =3.2, some 
interaction between the adjacent high swirl jets is 
apparent. Physically, this can probably be interpre- 
ted in terms of jets being unable to mix prior to im- 
pingement due to the larger initial separations. 
At x/D =6.4, the heat transfer characteristics of the 
jets are similar to those at x/D =4.8. A laminar to 
turbulent transition is still present in the 'boundary 
layer' type flow-at S =0 and 0.12. The interactions 
between the adjacent jets at these swirls are also 
still observable but appear weaker than those at the 
previous closer pitches, x/D= 3.2 and 4.8. This may 
be due to the lower velocities in the wall jets as the 
'boundary layer' builds up over the target surface. 
The contours are also found to have a generally 'squar- 
ish' shape. At S =0.48, the low heat transfer inner 
core region has disappeared. At this comparatively 
large jet spacing for S =0.36 and 0.48, the interfer- 
ence phenomena between adjacent jets are stronger. 
This supports the previous arguments that an increase 
in the nozzle pitch prevents mixing of the high swirl 
jets before impingements. 
The effects of increasing the initial jet separation 
at constant swirl is particularly apparent if Figure 
10.35 is re-examined in terms of each vertical group 
of contours. For S., < 0.24, generallyýa more uniform 
distribution ensues and the contours become 'squarish'. 
However, at S= 0.36 and 0.48, the secondary interac- 
tions become more prominent as impingement of individ- 
ual jets is possible. 
It is also of interest that the transition from lami- 
nar to turbulent flow in the deflected wall jet was 
observed for S<0.24 in the singlo jet tests but for 0 multiple jets it only ensues at S ,<0.12 at x/D =4.8 and 6.4 
Figure 10.36 presents contour plots at z/D =4. At tho 
closest nozzle pitch x/D= 3.2 interactions between the 
adjacent jets occurs only at S= 0 and 0.12, unlike at 
z/D =2 (Figure 10.35) where similar phenomena also 
occurs at S =0.24 and'O. 36. Thus, an increase in the 
nozzle-to-; -target spacing results in more uniform beat 
transf er distributions f or the higher swirls 0.24 <S 
0.48. This is not unexpected because the increased 
effective diameter due to entrainmont would tend to 
cause mixing prior, to impingement for all but low 
swirls (and no swirl) situations, i. e. S =0.12. The 
extent of the region affected by the jet interference 
is also smaller than those observed in Figure 10.35, 
e. g. the region extends from xi/x =0.81 to 1.0 com- 
pared to 0.75 to 1.0 at S= 0 and x/D =3.2. At the 
intermediate jet pitch x/D= 4.8, the transition from 
laminar to turbulent flow is absent, thus signifying 
a turbulent wall jet over the surface virtually from 
the onset of impingement. Moreover, at this greater 
Jet spacing, interaction between adjacent jets at xi/x 
=1 reappears for all swirls. At x/D =6.4, all the 
previous trends become more clearly demonstrated, e. g. 
the 'interference' phenomena are more marked at the 
high swirls S= 0.36 and 0.48 than at the closer pitches. 
Furthermore, as at z/D =2, for the swirls S =0 and 0.12 
there is a weakening in the extent and magnitude of 
these-perturbations because of a decrease in the velo- 
city of the inter-mixing wall jets. The profiles at 
the largest spacing x/D= 6.4 are again more squarish 
than those for the other two pitches. Finally, the 
low heat transfer 'inner core' iz absent for all the 
cases at z/D =4, unlike the behaviour observed with a 
single f ree jet. 
Increasing the nozzle-to-plate spacing to 8 diameters) 
see Figure 10.37, results in generally more uniform 
distributions, probably due to the more widespread mix- 
ing of adjacent jets to impingement. Evidence of jet 
interaction producing secondary-heat transfer peaks is 
almost absent for all cases except S =0 and S =0.12 at 
x/D =6.4 and S= 0 at x/D =4.8. The heat transfer pro- 
files are, thus, more uniform at the higher swirls al- 
though the absolute values of 'h' are fairly low due 
to the high rate of decay of the axial velocities with 
distance from the nozzle under these flow conditions. 
4.1 
The effect of nozzle-to-plate separation is illustrated 
directly in Figure 10.38 which presents contour plots 
at x/D =4.8 for z/D ranging from 2 to 12. The effect 
at a particular, swirl can be studied by observing a 
,,. 11orizontal set-of contour plots. Secondary 
heat trans- 
fer peaks near the middle of the lateral pitch are 
apparent at S= 0 for all z/Ds. The magnitude of the 
disturbance, however, grows weaker especially at z/D 
=8 and 12. As the swirl is increased to S =0.12p 
these interaction phenomena are restricted to z/D =2-6, 
probably signifying that the jets interact prior to 
. 
impingement for z/D =8 and 12. At the higher swirls, 
the disturbances are confined to z/D =2 and 4 and, more- 
over, are only just evident for S= 0.36 and 0.48 at z/D 
= 4. Thus, the heat transfers are relatively uniform 
at z/D =12 for all swirls, and application of swirl 
also tends to make the contour fairly uniform at lower 
z/Ds, e. g. compare the plots corresponding to S =0 and 
S=0.24 at z/D=6 or S=O and S =0.48 at z/D=4. 
10.5.2 * Average* Heat' T'ra*n'sf'e'rs - Jet' Arr'ýys. ' 
The average heat transfer coefficients were determined 
by integrating the local heat transfer distributions 
over the field associated with-the centraLjet in the 
array; the details of this integration are presented 
in Appendix D. the average heat transfer coefficients 
for the non-swirling jets (S= 0) are compared with the 
results of previous studies in Figure 10.39. In 
. 
general., most of the present data fall between the 
correlations proposed by Dunn (Ref. 25) and Gardon and 
Cobonpue (Ref. 35). The present tests were carried out 
on a rig designed and used by Dunn which incorporated 
relatively long nozzles similar to those employed by 
Gardon and Cobonpue. Thus, it may be concluded that 
the present results are in good agreement with appro- 
priate previously published data so that the validity 
of the experimental technique is verified. 
The average heat transfer coefficient 
*s 
associated with 
the swirling jets are presented in Figure 10.40 which 
illustrates the variation of with the degree of swirl 
for particular nozzle-to-plate separations. At all the 
separations, a decrease in the pitch of the nozzles 
results in an increase in heat transfer at all swirls. 
The 'nominal jet Reynolds number' has been maintained 
constant in these tests. The increase in heat transfer 
can be associated with the reduction in the area corr- 
esponding to each jet as the nozzle spacing is reduced. 
This is in broad agreement with the results in the 
single jet tests where (except initially for S=0.48) 
the average Nusselt number decreased as the integration 
area was increased. Thus, for a particular fixed over- 
all heat transfer area, the higher heat transfers ass- 
ociated with the closely spaced geometrics would only 
be achieved at the expense of additional nozzles and 
higher total fluid flow rates. It is apparent from 
Figure 10.40 that the magnitude of the average heat 
transfers also decreases astbe nozzle-to-target spac- 
ings z/D are increased. This is due to the decay of 
axial velocity downstream from the nozzle exit. These 
phenomena have been reported previously for non-swirl- 
ing jets by several workers (e. g. Ward et al (Ref. 52) 
and Gardon and Cobonpue (Ref. 35)), and are generally 
applicable for the swirling jet. The rate of decay of 
the average heat-transfers associated with the swirl- 
ing jet arrays, however, exhibit somewhat different 
trends to those for the non-swirling jet as will be 
discussed later. 
The application of swirl to the jet produces effects 
which are dependent on the nozzle-to-target spacing 
and the nozzle pitch. At z/D= 2 and 4 (see Figures. 
10.40(a) and 10.40(b)), an initial increase in the de- 
gree of swirl produces a considerable increase in the 
average heat transfer. The. maximum heat transfer en- 
sues 'at S =0.24 approximately. This increase is esp- 
ecially prominent Ut the close nozzle pitches and z/D 
= . 
2, see Figure 41. As the swirl number is increased 
beyond S=9.24, the heat transfer subsequently de- 
creases until eventually it falls below the no-swirl 
value. At z/D = 8, see Figure 10.40c, R is virtually 
constant for swirls up to S= 0.24, and then a reduction 
occurs as the swirl number is further increased. These 
heat transfer characteristics are in contrast to those 
of single swirling jets since, for the latter flows 
(except for very small integration areas), the average 
heat transfer coefficients decreased continuously as 
the degree of swirl was increased, i. e. the maximum 
coefficients occurred with the non-swirling jets. 
The decay in S with an increase in nozzle-to-target 
separation z/D for both swirling and non-swirling jets 
can be seen in Figure. 10.42. It is apparent from this 
Figure that the rate of decay for the swirling jets is 
greater than for the non-swirling cases, particularly 
at the smaller nozzle pitches (x/D). There is also 
some evidence that the higher swirls are associated 
with the more rapid rates of decay as illustrated by 
the plots for S =0.48 in Figure 10.42. 
The presented results exhibit similar trends to those 
ob , served 
by Dunn (Ref. 25) whose data are plotted for 
comparison in Figure 10.43. As pointed out in Section 
1.1, Dunn's tests were carried out in conjunction with 
the present work and covered a larger range of swirls 
(S =0 to 0.71). His average heat transfer coefficients 
were obtained by determining the rate of mass loss from 
naphthalene test surfaces by direct weighing. This 
technique avoided any errors in the integration proce- 
dure and, from this point of view, probably provided 
more accurate results. However, Dunn's method of temp- 
erature control and measurement was probably less exact, 
than in the present study. Ile also observed that the 
average heat transfer coefficient generally increased 
for swirls up to S= 0.25 at the lower z/Ds. Slight diff- 
erences can be attributed to the fact that the average 
integrated values in the present tests were associated 
with the confined central jet in the array whereas, in 
the case of Ref. 25, the measurement of naphýhalene loss 
over the target surface was associated with the whole 
3 x3 array. Thus, the less restricted jets on the boun- 
daries of the array were also included. Due to the sim- 
ilarity in the two sets of measurcmenýs, Ref. 25 also 
observed similar trends with regard to the rate of de- 
cay of E with nozzle-to-target spacing. 
The minimum degree of swirl which brings about an over- 
all reduction in average heat transfers (when compared 
to the non-swirling jet value) depends on the geometry 
of the jet system, see Figure 10.44. This 'transition' 
swirl number decreases in somewhat linear fashion as 
the nozzle pitch is increased at both z/D =2 and 4. 
Moreover at each nozzle pitch, the overall reduction 
in E ensLes at a lower swirl number as the nozzle-to-- 
target spacing is increased. It was not possible to 
draw similar conclusions at higher. z/Ds since only 
slight increases in F 'were observed. These plots can 
be used to readily determine whether the application 
of a particular swirl brings about an increase or de- 
, crease in average heat transfer. - 
10.6 COMPARISON OF THE HEAT TRANSFERS* FOR BOTH SINGLE' 'AND 
MULTIPLE JET SYSTEMS. 
The average heat transfers for these two cases are com- 
pared on the basis Of Nus/y4uns in Figure 10.45. The Rey- 
nolds number in both these cases is ReD = 32,000 and these 
plots were obtained in a similar manner to those of Figure 
10.33 except that only a mean line is shown for the sake 
of clarity. However, Figures 10.40 and 10.44 demonstrate 
that the average heat transfers are relatively insensitive 
to the changes in x/D so that, for the multiple jets, the 
mean lines presented are for various z/Ds. For the sin- 
gle jet, the Nusselt number is obtained by averaging over 
a target area defined by 0< r/D < 4.25. This is compar- 
able to the area associated with each individual jet in an 
array with the nozzle pitch of x/D= 6.4 (r/D varies from 
3.2 to 4.5 in the lateral and diagonal directions respect- 
ively). It is apparent from Figure 10.45 and previous dis- 
cussion that the variation in average heat transfer due 
to the application of swirl is different for a single jet 
than for an array of jets. The increase of heat transfers 
for the multiple jets up to S= 0.24 is clearly reflected 
in thepe plots and this increase is more pronounced for 
the closer nozzle-to-target separations. Local increases 
in heat transfers due to the jet interaction have been ob- 
served in multiple jet systems, see Figures 10.35 to 10.37. 
It is possible that these interactions may account for the 
increases in heat transfer upon initial application of 
swirl. in jet arrays. 
However, in order to explore this behaviour further, it 
is necessary to compare directly the local variations in 
IhI for both the single jet and an individual jet in an 
array. It should be pointed out, initially, that, unlike 
the 'single jet' contours which were essentially circular, 
those associated with the multiple jets depend on the rad-. 
ial direction under consideration. Examination of the con- 
tour plots illustrate that the variations along the later- 
al and diagonal pitches represent the two extremes, and 
the changes in other directions are intermediate cases, 
see Figure 10.46. It is apparent from this Figure that 
the variations in all the directions are similar up to 
about r/D =2.5 and thereafter depend upon the direction 
considered. 
The differing behaviour of the single and 'multiple' jets 
can be more effectively compared by considering Figures 
10.47 to 10.49. Figure 10.47 illustrates the plots ob- 
tained for the single and multiple jets at z/D =2. Simi- 
lar plots for z/D= 4 and 8 have been presented in Figures 
10.48 and 10.49 respectively. At each z/D, variations 
are plotted for ý3;: --O, 0.12 and 0.24. Higher swirls have 
been omitted for the sake of clarity and, moreover, the 
maximum difference'in behaviour between single and mult- 
iple jets occurs at S=0.24. The heat transfer coeffi- 
cients have again been normalised by dividing by Ih. ' and, 
in the case of the single jet, the distribution has been 
restricted to a field defined by r/D=O to 4.5. Further- 
more, in the case of multiple jets, a nozzle pitch of x/D 
= 3.2 has been chosen since this situation exhibits the 
maximum increase of Ifil with initial application of in- 
creasing swirl, see Figure 10.40 and, finally, only the 
variations in the lateral directions are considered for 
the multiple jets. I 
At z/D=2, the plots associated with S=0.24 for the sin- 
gle jet (see Figure 10.47) lie below those for the non- 
swirling. jet and S=0.12 in general. The stagnation point 
values are virtually the same so that the reduction in heat 
transfer at S=0.24 -is due to the local distributions. How- 
ever, the plots for the multiple jets at S=0.12 and 0.24 
give higher values than those at S=O. Again, the maximum 
(stagnation) values are relatively insensitive to swirl in 
this region so that the changed distribution of the local 
heat transfers results in an overall increase in heat trans- 
fers for S= 0.12 and S=0.24. 
The plots for z/D =4, see Figure 10.48, show similar trends 
although the-distribution for the S= 0 in the single jet 
shows ýL secondary peak. There is also some evidence that 
the stagnation value decreases with the increased swirl for 
the single jet with the reverse occurring in the case of 
the array. This would tend to exacerbate any difference 
in the two cases. 
At z/D =8, the plots are similar for the single and multi- 
ple jets in that the normalised distribution for the swirl- 
ing jets lies above those for S=0. The difference in the 
average heat transfer characteristics is, thus, now primar- 
ily due to the more rapid decrease in ho. (stagnation point 
heat transfer) with application of swirl in the single free 
jet situation and not due to the differences in the shape 
of the local distributions. Thus, while the average heat 
transfer in the single jet decreases with the increase of 
swirl despite a more uniform distribution for the swirling 
jets, in the case of multiple jets the heat transfers for 
the swirling jets are slightly higher than S =0. 
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CHAPTER 11 
. CONCLUSIONS AND' RECOMMENDATIONS FOR' FUTURE' WORK 
The 'thin-film' naphthalene mass transfer technique 
coupled with the Chilton-Colburn analogy appears to 
be an accurate and convenient method of determining 
local heat transfers from impinging jets. The tech- 
nique is, however, less suitable for determining the 
heat transfers at and near the stagnation point. 
2. The local and average heat transfer coefficients 
associated with impingement of a single free jet de- 
crease as the degree of swirl applied to the jet is 
increased. However., the uniformity of heat transfers 
over the surface is improved at medium swirls. 
3. The average heat transfer from a single impingement 
jet can be expressed by: - 
Wu- =c Re D 
0.8 Pr 0.33 (z/DTO .2 ý-O. 2 
where C depends on the. 'target' area, e. g. C=0.022, 
0.018 and 0.014 for 0< r/D < 4.25,0 < r/D < 6.5 
and O< r/D < 8.5 respectively. 
This equation is valid for S=0.12 to 0.48, z/D =2 
to 12, and ReD= 32,000 to 60,000. It represonts the 
present data to approximately t 10%. 
4. At nozzle -to-t arget separations, z/D < 8, the aver- 
age heat transfer coefficients associated with im- 
pingement from an array of circular jets increase 
initially as the degree of swirl applied to the jet 
is increased. The maximum heat transfer ensues at 
S ! =0.24 approximately. Upon further increase in 
swirl, the heat transfer is reduced until eventually 
the performance of the swirling jet arrays becomes 
poorer than that of the non-swirling case. This 
characteristic of an initial increase in heat trans- 
fer is most marked at the nearest target spacing and 
nozzle pitch (i. e. z/D= 2 and x/D =3.2). 
5. The average heat transfer associated with an array 
of impinging jets (swirling and non-swirling)docreasos 
as the distance between the nozzle exit and the im- 
pinging surface is increased. The rate of decay 
tends to increase with the degree of swirl. This can 
be attributed to simultaneous'more rapid decay in the 
jet velocity. 
6. The difference in the average heat transfer charact- 
eristics of single jet and arrays can be explained 
in terms of the modification of the local heat trans- 
fer distributions associated with the individual jets 
in the array. 
11.2 FUTURERECOMMENDATIONS 
Further experiments are desirable to study more com- 
pletely the range of swirls which provide an increase 
in the average heat transfer associated with the im- 
, pingement of particular arrays of circular 
jets. 
2. The effect of the adjacent jets rotating in, opposite 
directions in an array should also be examined. 
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APPENDIX A 
FIVE-HOLE* PITOT PROBE' FURTHER NOTES 
Evaluation' of the* Vel, ocity_Compohbnts' 'and' Pressure. 
As mentioned in Section 5.2, the pressures are measured at 
each of the tappings when the pressures at tappings 4 and 5 
are balanced (see Figure 5.1) The rotation of the probe to 
this station yields the yaw angle ý. The pitch angle 'a', 
the flow velocity V and the static pressure can then be de- 
termined by using calibration curves supplied by tile probe 
manufacturer (Figure A. 1). The procedure is outlined below. 
The f actors I ki k2 k3 k4 may be f ound f rom, the f ormul a: - 
k, 1ý2 k3 k4 _ 
H3 - Hl 
H2 - H4 
where H1, H2 $ H3 and 114 are the pressures at tappings 1,2 3 and 4 respectively. 
The pitch angle 'a' can then be read for the appropriate 
value of kjk2k3k4)_ from the calibration chart. The velo- 
city V and components u, v and w can be determined by know- 
ing the values of 'a' and IV using the expressions already 
presented in Section 5.2.2. The static pressure may also 
be determined by a similar expression. I 
Determination of the Swirl Number. 
The evaluation of the swirl number, S, from the velocity pro- 
files is best illustrated by considering an example. 
The curves for lul and Iw' for ReD = 60,000 and mtan/mtot 
0.74 are presented in Figures 5.3 and 5.4. The swirl niunber 
S=G, D/GxR, where: - 
R 
G, D = 21Tp ýr uwdr 
0 
Gx = 2, ff r(u2- -I w-') dr 
0 
This later expression for Gx is an approximation, as sugg- 
ested by Chigier and Chervinsky (Ref. 58), which can be used 
for weak and medium swirls. 
Table A. 1 presents the components of the integrands tabu- 
lated at various radial stations. The integrated values 
can then be found using Simpson's rule. 
I 
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I- APPENDIX B 
. EVALUATION OF VELOCITY AND TURBULENCE 
INTENSITY USING A FOUR POINT MEASUREMENT 
. TECHNIQUE WITH A SINGLE HOT-WIRE PROBE 
The detailed procedure necessary to evaluate the velocity 
and turbulence intensity using this technique is given in 
Ref. 23, but a brief description is presented in this Appendix 
for the sake of completeness. As previously discussed in 
Chapter 6, the hot-wire is initially calibrated in the lul 
direction and the constants in the King's law determined. 
The directionality constants G and K can also be found by 
calibration in the appropriate directions. The hot-wire is 
positioned such that the velocity lul is always perpendicular 
to it. 
The instantaneous 'cooling' velocity is given by: - 
U2 = U2 + G2V2 + K2W2 (1). 
Since the calibration curve for the velocity is non-linear, 
the mean of the velocity fluctuations will not coincide with 
the mean of the voltage response. For the present case, the fluctuations are assumed to vary in a s_qUare'waveform. The 
relationship between the mean velocity U and Y can be evalu- 
ated referring to the figure below. 
-r")( 
0 
Ll 
11 
U 
P t 
Fig. 1 
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Assuming the' King's law applies, the maximum and minimum velo- 
cities can be expressed by; - 
Umax (2) + 
E) 2 
min BI (3) 
2 
B. 1 Response Equations and Velocity Components. 
The orientations of the wire and the directions of the 
three velocity components are related as shown in Figure 2. 
/: 
U 
w 
Fig. 2 
I 
Velocity 'U' is perpendicular to the wire for all orient- 
ations, I. e. lul is perpendicular to the plane of the 
. paper. 
The response equations for each of the positions are 
found by reference to Equation (1), so that: - 
2 Ul U2 + G2v2 + K2w2 (4) 
22'G2,1ý1 U2 U+ V)2 + .2 (V-W)2 2 
(W + 
B' 
2 
V+W/rj 
VLW 
72-, 
Fig. 3 
V-W/ 
V+W/, ýF 
2 TJ3 u2 + K2-v2 + G2WZ (6) 
U4 2= U2 + 
G2 (V-W)2 + Ký(W + V)Z (7) 22 
For all thesc. -above equations, IGI and IKI should be re- 
garded as directionality constants perpendicular and 
along the wire rather than being associated with any 
direction. 
Assuming 'wI to be the least significant components the 
equations (5), (6) and (7) are chosen to solve for 'w', 
IvI and lul. Subtracting (5) and (7) yields: - 
U2 2 
1w 
1 
v 
of 
3 
1w 
- U4 
2= (G2 - K2) 2vw (8) 
Adding (5) and (7), and subtracting (6) multiplied by 
2 gives: - 
U2 2+ U4 2_ 2U3 2= (G2 - K? ) (w2 - v2 
Equation (8) can be written as: - 
U22. . -. u42 
2(('. x -K2) 
Substituting this value of IvI into equation (9) yields: - 
U2+u2 -2U 
2 2. 
-U-2 W4 - W2 (24-31 
(U2 40 
fr. 2 - V2 N) 
-7 ft, 9 TP9 -. 9 % --4 - JLL- f -x ý u- - ii. -- )- 
This quadratic equation can be solved for IwI so that: - 
w= K 2) 
U3 
2 
+TJ4 
2- 
2U3 
2+ 
2) 
. (12) 
A similhr expression for IvI can be found by substitution 
of the above value for 'wI in Equation (10). Finally, 
lul is obtained by substituting both IvI and IwI in Equit- 
tion (4). These expressions for lul, IvI and IwI can be 
written as. - 
h (U2 2s U3 2 U4 2 
9(U2 
2p U3 2 U4 2 
f (U2 2v U32 
i 
U4 2) 
(12) 
(13) 
(14) 
The actual expressions for lul, IvI and IwI are rather 
long; for example, compare Equation (12) for 'w', and they 
are not, therefore, presented here. 
B. 2 Evaluation of the Equations. 
To evaluate the velocities and turbulence intensities 
from-Equations (12), (13) and (14), it is necessary to 
assume that the three relevant voltages 1ý'2, E3 and E4 
are of similar shape and frequency distrib ut ion, see 
Figure 4. 
It must also be assumed that E2 and 134 are in phase. To 
examine the validity of these assumptions; it is noce- 
ssary to re-examine the Equations (4) to (7). The wave- form and Trequency of E is irrelevant. If, say, 1w1 is 
small, then Equations (5), (6) and (7) are of very simi- lar form and, hence, likely to be of similar shape and frequency distribution. Equations (5) and (7) would be 
virtually identical so that the 'in phase' assumption 
also seems to be reasonable. 
The phase difference between equation (5) (or 7) and is derived as follows: - 
2 
Fig. 4 
.3 
4 
From equations (5), (6) and (7): - 
22222,2222 
U2 + U4 = 2U + (G +K) (v +W Ul + U3 
or Ul =' (U2 + U4 U3 (16) 
If the time mean averages are taken on both sides of the 
equation (16), then: - 
ul OJ2 + TJ4 - U3 ) 
If the phase difference between U2 (or UO and U3 is 'a 
and a square wave form is assumed, then: - 
(17) 
I 
2U, u+uu2 2 max 4 max -3 max) 
+ (. U2 
min 
+ U4 
min -u3 min 
+u+u2u+ (U 
2+u 1( 
2 max 4 Max 3 Mill 2 min 4 min 
- 3 max), 
] 
f TT TY iry 
ý 18) 
This relation is derived by using the expression presen- 
ted in equation (17) and relating, it to Fig. 4. 
Re-writing (18) 'in terms of I ol 
I 
( 
2U, - 
(LT, + U, U,. ) 
a 
2 
(u 2 rdn 
+u4 
rdn - 
U3 
min 
+ U2 -u21+(+U-u2. ) 
i- 
r= 4 MaX 3 rrdn) 
.2 
min 3 rriLn 3 raLn. 
I 
Ul can be determined by the expression: - 
1+u 
max i min 
The mean velocities are then evaluated as follows: - 
(u 2u2 U2 
2 rrdn 
+4 
ndn 3 min 
1 ýT f(222 U2- : U3 s U4 ) dt from equation (14) 
0 
(19) 
(20) 
where lul has been expressed as a functional relation- 
ship. 
The time-mean average values for 'u' can be determined 
by solving the equation (14) for the four sets of values 
Of U2s U3 and U4 as given in the expressions below: - 
222222 L 
: E(u - cl) 2 2- rrax' 
U3 
r=' 
U4 
maX) 
+ : (U2- 
min' 
U3 
min I 
U4 
rrdn) 
(1 
+ f( 
2 
ou 
2u2 
)+ f( 
222 U2nmx 
3min' 4rnaX U2 rpin' 
U3 
r=1 
U4 
min) 
(cf'3 (21) 
Values for IV' and Iw-I' are determined by solving equations (12) and (13) in a SiM4 #. lar manner. 
B. 3 ' Evaluation of Turbulent' Flu'ctu*at: in'fr' Velobitles. 
From Ref. (102), 
2 
(u+ut)2=u2+2 
It XolloNys Xrom equatýon (14); - 
(U 2, U 
2 
f (U 2. Hence, U12 =, U2, U 2) _ : R2 (22) 234 
2222 
M2 
# U3 s U4 
) may be evaluated in the same way as 
f (U2 
21U32v 
U4 
2),, 
t2l -= .1[f (u 
2r= 
22 
222222 
max) 
Uý 
MaX3 
+f (U2 
min I 
U3 
rrdn I 
Uý 
rrdrd 
(1-c) 
222222 
+f (Uý maxt 
u3 dn I Uý r= +f 
(U 2 Min' 
u3 
MaX' 
Uý 
min) 
(a )l (23) 
222 
, where f (U2 j 
U3 i 
U4 can be found squaring the ex- 
2 U2 pressions found for f (U2 ý31 U42 ) earlier. 
Similar results apply for vI2 and W2 
BA Summary 
The complexity'of the algebraic equations described in 
the previous section makes it difficult to offer a clear 
picture of the procedure so that in this section the 
method of obtaining the velocities and turbulence inten- 
sities is briefly summarised. 
Four sets of voltages, mean E and fluctuating E, arc 
obtained at each orientation and numbered 1., 2,3 and 
4 respectively. 
2. These voltages are then converted to the maximum and 
minimum velocities using equations (2) and (3). 
3. The difference in phase 'a' between the three velo- 
cities U2, U3 and U4 is found by solving equation 
(19). 
4. The velocities are then obtained by evaluating oqlla- 
tions (12), (13) and (14), substituting the maximum 
or minimum values Of U2Y U3 and U4 as'appropriates 
according to equation (21). For example, equation 
(14) iQ Xjrst ýiolved by substituting U2max, U3mjR 
and U4 Min for * 
UZ, U3 and TJ4 respectively: then 
. 
U2min, 
U3min and U4min etc. * - The' four separate expressions 
in equation (21) are then derived and, since has 
also been found, it is possible to obtain the value 
of velocity component lul . The other components IvI 
and IwI are'found similarly. 
5. The turbulence intensities are obtained in a similar 
manner except that equation (23) is now solved for 
. (U 
22222. f U4 for 2, U 11 
. APPENDIX C 
PROPERTIES OF NAPHTHALENE 
General' Thf orma: t'i*on 
Description: White crystalline solid with 
aromatic odour. 
Chemical Formula C 10 H8 
Physical Properties 
Molecular weight 128-16 
Melting point 80.1C 
Boiling point 217.9C 
Flash point 86C 
3 
Density 1145 kg/m at 20C. 
Lower explosive 
limit in air 
Upper explosive 
limit in air 
Auto-ignition 
temperature 
Gas constant Rv 
Latent heat of 
sublimation. 
Coefficient of 
volumetric ex- 
pansion. 
(b) Hazard Analysis 
Toxic Hazard rating: 
Acute local 
: 0.97o by volumo. 
: 5.976 by volume. 
: 526C. 
: 64.7 J/kg K 
: 559 KJ/Icg 
: 0.00028 / deg. K. 
Irritant - May involve both 
Ingestion reversible and irre- 
versiblo chan-as not 
severe enough to 
cause permanent in- 
Jury (moderate). 
Inhalation -Causes, readily rever- 
sible changes which 
disappear after end 
of exposure (slight). 
Acute Systematicý Ingestion May Involve both 
Inhalation reversible and 
irreversible 
changes not se- 
vere enough to 
cause permanent 
damage. 
Chronic Local Irritant - Causes readily ro- 
versible changes 
which disappear 
after end of ex- 
posure. 
Chronic Systematic: Ingestion As above. 
Inhalation 
Toxicity May be used as an 
insecticide. 
Threshold Limit American Conference 
Values of Government and 
Industrial Hygien- 
ists (recommended) 
10 parts per million 
of air; 50 milli- 
grams per cubic 
meter of air. 
Fire Hazard - Moderate , when ex- 
posed to heat or 
flame; reacts with 
oxidising matcritils, 
Spontaneous Heating: - No. 
Explosion Hazard -. 
Count e rip-easu re s :. 
- Moderate, in the 
form of dust, when 
exposod to heat or 
f lame. 
To fight fire Water, carbon dioxido, or carbon 
tetrachloride. 
Personnel protec- Respirator not usually needed. 
tion. 
(c) ' Satura: ti-()*n' Va . J. ) 0u.. Pre'sslwe' 'of' Na)plithalehe 
As mentioned previously in Section 7.5. several express- 
ions have been suggested to obtain the vapour pressure of 
naphthalene. Four such expressions were plotted graphi- 
cally in Figure 7.4 which shows the relative noarness 
of all these expressions, especially at temperatures 
below 20C. These relationships include those proposed 
by-.; 
Sherwood and Bryant (Ref. 107). 
loglo Pn = 11.5 - (3765/Tn) 
Christian and Kezios (Ref. 101). 
10910 Pn :z 11.73 - (3825/Tn)- 
International Critical Tables (Ref. 108). 
10910 Pn =A- (0.05223 B/Tn 
where A =, 11.45 and B= 71ý401. 
Handbook of Chemistry and Physics (Ref. 109). 
log 10 Pn "ý 11.45 - 
(3729/Tn)- 
In all these cases, the temperature is in degrees Kelvin 
while pressure is expressed in mm. of mercury. In the 
present case, the expression proposed by Sherwood and 
Bryant has been used since it gives a rather mean value 
of all the above expressions. 
(d) Schmidt Number 
Several values of Schmidt number can be found at a parti- 
cular temperature using different sources. Lewis (Ref. 94) 
has quoted several such references and may be. referred to 
for details. An expression by Dawson and Trass (Ref. 110) 
is quoted here: - 
Se = 7.00'(T n) 
-Oil85 
Tn varies between 100 to 500 K. 
In the present tests, the value of (Se/Pr) 
2/3 
remains vir- tually constant and a value of 2.38 was used throughout 
the calculations. 
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APPENDIX D 
CALCULATIONS INVOLVED TO DETERMINE FLOW RATES 
AND HEAT TRANSFERS. 
D. 1 Flow Rates 
The amount of air flowing in both single and multiple jet 
test rigs was measured using sharp-edged orifice plates 
constructed and installed in the piping according to B. S. 
1042 (Ref. 75). Sample calculations to obtain the flow 
rates by measuring the pressure drops at the orifice 
plates may also be seen in the same reference. 
In the present tests,. the total mass flow rate of air, 
mtot, at the nozzle exit was kept constant. In the case 
of single jet tests this mass flow rate was 1.01(3xlb-2 
M3/s and 1.771xlO-i M3/S, and for multiple tests it was 
5.46xio-2 M3/S (for all nine nozzles). The fraction of 
the amount of air flowing in the tangential leg (or plenum 
for multiple jet rigs) can be varied from 0 (no swirl) to 
1, allowing -various swirls to be generated by the same 
swirler. The relationship between mtan/mtot and the swirl 
number is illustrated graphically in Figure 5.8 for the 
two types of swirler used in the present tests. For 
example, to generate S=0.36 in the multiple jet swirlers, 
the ratio mtan/mtot=0.43 and, therefore, the air flowing 
in the axial and the tangential plenum would be 0.0311 and 
0.0235 M3/s respectively, the total mass flow rate at the 
nozzle exit being 0.05.46 M3/S. 
D. 2 Re nolds Number 
The Reynolds number, referred generally as 'ReD' was based 
on the mean exit velocity, umo, for the non-swirling case 
and the nozzle diameter. This velocity is deduced by the 
relationship, 
-ffD2umo/4 
where, Q is the volume flow rate. 
In the case of single jet tests, two flow rates wero em- 
ployed with urno = 20.56 and 39.75 m/s, corresponding Rey- 
nolds numbers being 3.:., 000 and 60,000. For multiple Jots 
ReD was kept constant at 32ý000 (umo= 30.63 m/s). 
In the test, reference has also been made to the Reynolds 
number based on the jet 'arrival velocity' u, This 
velocity can be determined by multiplying lumol with the 
appropriate factor depending on the nozzle -t o-target dis, - tance. The 'relationship between this factor and z/D was determined experimentally by Ref. 87, and has boon pro- 
sented in this Appendix, see Fig. D. l. . For z/D > 9, the 
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relationship can also be expressed empirically as: - 
= 6.63 umo(z/D)-l 
In many cases, the measured exit velocity for the non- 
swirling case, ueý has been employed to non-dimensiona- 
lise the velocity plots. This velocity for ReD = 60,000 
was 41.3 m/s and 22.5 m/s for ReD=32'000. 
D. 3 Heat Transfer- 
As described earlier in Section 8.4.3, the photographic 
record of naphthalene clearance patterns was made for all 
the impingement tests. These clearance patterns were 
later employed to build up the local heat transfer varia- 
tions on the target plate. The local distributions were 
integrated to yield the average heat transfer coefficients. 
In this Appendix, an example from the single jet tests has 
been chosen to demonstrate the calculations involved to 
determine the local heat transfer coefficients. 
The procedure outlined is also applicable for the multiple 
jets except for slight differences which have been pointed 
out. 
D. 3.1 Determination of the Local Heat Transfer Coeffi- 
cient. 
The clearance pattern shown in Plate D. I. has been choson 
from the set of photographs presented in Plate 5. The 
procedure to obtain the variation of the heat transfer 
coefficient on the plate can be divided into: - 
determination of the naphthalene spray density on 
the plate, 
(b) the evaluation of the heat transfer coefficient 
from the time of a particular clearance, and 
(c) the determination of the mean' radial extcnt of 
the clearance from the stagnation point. 
D "), t *. -t 
General Reynolds numbex ReD = 60,000 
Spray 
Swirls S 0.12 
Nozzle-to-plate 
spacing, z/D 6 
Five slides were positionod oil the 
edge of the plate, as shown in 
Fig. D. 2. Surface area Of slide 
= 75 x 25 mm (1940 mni2). 
Length of Plate sprayed = 40.6 cm. Spray time, t1m 3550s. 
-221- s 
Time at f' irst weighing 
of slides, t2 = 4080 s. 
Time at second weighing 
of slides, t3 = 6645 s. 
Weight of slides 
at t2 44.6,44.3,41.2, 
42.7 and 42.9 mg 
(mean = 43,1 mg): 13.. t 
Weight of slides 
at t3 40.0,40.4,37.5, 
38.6 and 38.8 mg. J 
(mean = 39.1 mg). Sq 
Impingement Centre of the impingihg jet at 200 mm, 
from the slides, see Fig. D. 2. 
4-4- -4- AnOfN - /4. 
Calculations 
Spray Density 
Temperature at the naphthalene 
surface during the test = 21.2C. 
Amount of naplithalene sprayed per 
unit area estimated by weighing the 
slide, s at 40801 sZ 
Mean weight at 4080 s 43.1 
Surface area of the slide 19. V-" 
2.23 mg/ 
ýI cm, 
This figure represents the spray den- 
sity on the plate for the position 
where the slides were fixed. 
Loss due to natural convoction: 
Mean Weight at t2 -floan Woight at t3 
(t3 - t2) x Surface area of the slide 
43.1 - 39.1 _=8 04 x 165 ing/cm. Ps (6645 - 4080) x 19.4 . -4s '6-44 XIO 
Feed Rate of Plate: 
Spray tiMC/Length of plate sprayed 
= 3550/40.6 = 87.4 slem. 
Spray density at the time t =0, i. e. 
weight of naphthalene initially 
sprayed: 
2.23 mg/cms2+ loss of naphthalene 
during t2 sees' 
2.23 + 8.04 X 16"5 x 40SO 
-222- 
Spray Density on the Plate at the 
intersection of the centre line of 
the nozzle. 
Spray Density at t= 0- (loss during 
the time rest of plate is sprayed, 
i. e. time to spray (41.3-20) cra. 
-) - (loss during end of spraying, t, = 
3550s, and start of the impingement 
test, t =4920s). 
2.56 - 21.3 x 87.4 x 8.04 x lCT5- (4920 - 
3550) 8.04 x 109 2.300 Mg/CM,.. 2. 
2? f 
This value of naphthalene spray den- 
sity (m/A) can be used in the equa- 
tion 7.1.6 to evaluate the heat trans- 
fer coefficient at the stagnation 
point or regions near the stagnation 
point. Since the amount of naphtha- 
lone varies on the plate because of 
the loss due to natural convection, 
this has to be accounted for in the 
calculations of the heat transfers 
at other positions. 
Heat Transfer By using the Chilton-Colburn analogy, 
Coefficient the relation between the heat trans- 
fer coefficient IhI and tho mass of 
naphthalene sublimated can be written 
as: - 
C()( 
se 
) 
2/3 
appP. r nt n 
In the present example, Tn =21.2C or 
294.4K. The other temperaturc de- 
pendent properties at 21.2C are: - 
Density of air, Pa 1.199 kg 
Specific heat of air, Cp 1.004 1cJ11, -, g K. 
/ 
Gas constant for naphtha-= 64.7 J/kgK. -" 
lene, Rn 
Vapour pressuro of naph- 0.0577 mm of thalene, 
-Pn 
119. (7.592 jj/M2) 
(Se . /pr)2/3 = 2.38 
Thus, 
1.199x].. 004xlO3xG4 . 7%., 294AX2.38 h=(- M -) .I 'A 7 . 592 i, nt 
71,880 w (D. 2) 
m 
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where, Im is expressed as Mg/CM. 2 ýýn 
In the present case, the estimated 
time for clearance at the stagnation 
point was 535s (first estimate) and 
550s (second estimate). 
2 
Therefore, 
ho =304.6 and 297.6 w/m s for the 
two estimates respectively. (m/An) 
was found earlier to be 2.300 Mg/CM, 2 
at the stagnation point. Thus, if 
the spray density is known for a 
particular clearance, the heat trans- 
fer coefficients can be found. 
Size of the Since the naphthalene density varies 
Radial Clearance over the plate surface, the shape of 
clearance shown in Plate D. 1 is not 
circular. In this case, the 'mean' 
naphthalene density and radius of 
clearance was estimated as follows: - 
Twelve points were marked on the 
perimeter of the clearance and the 
distance (radial) from the stagnation 
point measured. These distances and 
the corresponding naphthalene densit- 
ies (at the clearance) were tabulated 
along with the (m/An xr), see Table 
D. l. 
Table D. 1 
ESTIMATE OF MEAN NAPHTHALENE DENSITY 
AND CLEARANCE RADIUS. 
Point* Radius 
Irl 
Naphthalene 
Densith m/An 
(m/A 
nx r)" 
1 13.84 2.300 31.832 
2 13.59 2.336 31.746 
3 13.34 2.371 31.629 
4 12.45 2.389 29.734 
5 12.83 2.371 30.420 
6 13.08 2.336 30.555 
7 13.08 2.300 30.084 
8 13.72 2.264 31.002 
9 13.97 2.229 31.139 
10 13.84 2.202 30.476 
11 13.34 2.22((. ) 29.734 
12 13.84 2.264 31.334 
(N. B. Naphthalene spray donsity at 
various Positions was found by using 
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the feed rate and natural convection 
loss). 
Mean spray density of the clearance 
shown in Plate D. 1 was defined as: - 
)=r. (m/An)-r /Er = 369.764/160.92 
= 2.98 mg/CnL, 2 
F= 160.92/12 = 13.41 cm. 
, 
(5.3 inches). 
Thus, the heat transfer coefficient 
for this clearance pattern, photo- 
graphed at 1840s after the commence- 
ment of impingement, is: - 
h= 71,880 x 2.29811840 
h= 89.77 W/m2K 
Nusselt number, if roquired, can also 
be calculated by using the relation- 
ship, 
Nu = hD/k, 
where k, the thernial conductivity 
of air, at 20C = 0.0258 W/mK. 
Therefore, 
Nu = 0.923. h for the single jet 
tests. 
Similarly, the other eleven photo- 
graphs of clearances for the present 
test were analysed to givo a complete 
plot of the radial variation of tho 
heat transfer coefficient over the 
plate. 
Multiple Jets In the case of multiple jets, since 
the heat transfer variations on the 
plate were not radially symmetrical 
and the. target area associated with 
one of the jets was small, the naph- 
thalene density at the stagnation 
point was assumed to be applicablo 
for the whole area influenced by the 
central jet. Furthermore, only one- 
eighth of the area was analysed in 
the regions where the effects of the 
adjacent jets caused the clearanco 
pattern to depart from the initially 
circular shapes. These simplifica- 
tions have negligible effect on the 
heat transfer variations while re- 
ducing the effort involved for the 
analysis considerably. 
D. 3.2 Average Heat Transfers. 
The average heat transfers were obtained in the case 
of single jet tests by employing equation 2.8. 
8/d2- s 
d/2 
h. r dr 
0 
(R. 8) 
Values of 1hrl were plotted against Irl for all the 
measured points. The area under this curve was inte- 
grated by using Simpson's rule. 
In the case of the multiple jets, the target area (in 
fact 1/4th of the total) was divided into a mesh of 
8x8, i. e. 64 nodes. The size of mesh was found to be 
adequate for all the three pitches employed. The value 
of IhI at each of the nodes was estimatod from the con- 
tour plots. 
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. APPENDIX E 
AN ANALYSIS OF THE FACTORS AFFECTING THE ACCURACY 
. OF THE MASS/IIEAT TRANSFER MEASUREMENTS 
As discussed earlier in Chapter 9, the mass transfer re 
sults werp particularly affected by the consistency of the 
naphthalene film sprayed onto t1fe plate, the prediction of 
the specific mass of this coating, and the estimation of 
the temperature at the mass transfer surface during the 
test. Moreover, errors in the measuroment of-the air flow 
rates were also important. Evaluation of the absolute mag- 
nitude of these errors is difficult. Thus, to demonstrate 
that the technique provides essentially self-consistent and 
repeatable results, a set of three tests was carried out 
under nominally identical conditions. Good agreement Was 
obtained for these tests (see Figure 10.1). Further com- 
parison of the present. results for non-swirling jets with 
published data from a variety of other workers also demon- 
strated. the validity of the naphthalene thin-film technique. 
This Appendix has been included,, however, to amplify the 
discussions introduced earlier in Chapter 9 concerning the 
accuracy and repeatability of the experiments. The individ- 
ual measurements which form part of the tochniquo, are dis- 
cussed separately. 
(a) Measurement of the Clearance Radiii-.,, 'r 
To facilitate accurate assessment of r, the target 
plates were scribed with a square grid (12.5 x 12.5mm 
for single jet tests and 6.25 x 6.25mm for the multiple 
jets). The clearance patterns for d< 12.5mn wore 
still difficult to measure. This is illustrated by the 
scatter shown in Figure 10.1 for r/D < 0.25 (also see 
part (d)). 
(b) 'Clearance Times 
The digital timer was used in the present tests to de- 
termine the time for clearance at a particular -.; tation. 
Typically, the minimum differenco between consecutive 
measurements (i. e. making photographic records) in a 
test was at least 100s, and an error of O, ls contri- 
butes only t 0.17o 
In most of the cases the time for a clearance was far 
more than 100s and, theref ore , the error in the measure - ment of time is negligible. 
(c) Weighing of Slides 
The Slides were weighed on d balance which could be. 
read to O-lmg. The weight of an unsprayed slide was 540mg and the weight of naphthalene sprayed on a single 
'slide was at least 30mg. Thus, the measured weights 
were far in excess of the minimum resolution. In order 
to find out the reproducibility of the weighing proce- 
dure, an unsprayed clean slide was weighed fifteen times 
and the scatter in these readings observed. The coeffi- 
cient of variation for these measurements was found to 
be 0.00053. Thus, the errors due to the process of 
weighing can be neglected. 
(d) 
'Consistency 
of'the'Naphthalene Coating. 
As mentioned in Section 9.2, a comparison of the weights 
of twelve slides sprayed under similar conditions (i. e. 
equal naphthalene concentration and flow rates) was also 
made. These weights were: - 30.5,29.6,30.2,30.9,30.7# 
: 29.7,29.5,29.8,29.6,30.3,29.4 and 31.0 mg. The 
mean of these was found to be 30.2mg and the scatter of 
this sample is within ± 376 of the mean. However, it may 
be recalled that in the actual tests only five to six 
sli-des were fixed onto the plate. Therefore, a scatter 
in the mean of this population was also found by random- 
ly selecting fifteen sets of any five slides. The mean 
of these sets was found to be 30.16mg with the standard 
deviation a=0.18 and the coefficient of variation = 
0.006. Thus, it may be concluded that a minimum of five 
slides are sufficient to evaluate the mass of naphtha- 
lene sprayed. This observation, together with the pre- 
liminary test quQýed in Section 9.2(b) comparing the 
weights of the slides sprayed on the same plate fixed 
at two different positions, shows that the spraying was 
acceptably consistent over the spray surface. 
Table D. 1 (in Appendix D) illustrates the method to de- 
termine the 'mean naphthalene density' and 'mean clear- 
ance radius'. The variation in the factor (m/An xr) 
tabulated in Table D. 1 is either due to the value of 
Irl or the estimate of m/An on various positions on the 
plate which involves (in addition to the sprayed weight 
of naphthalene) the loss rate of naphthalene due to the 
natural convection. The values of the factor (m/An x r) 
in Table D. 1 are within t 3.37o of the mean. 
(e) Stagnation Point Mass Transfer 
As discussed earlier in Section 9.4, 'clearance' stag- 
nation points were particularly difficult to estimate. 
Two methods were employed to determine clearance at , 
this point. In the first case, two readings were taken, 
one corresponding to the earliest estimate, i.. e. clear- 
ance commencing, and the other later estimate when a de- 
finite cleared area was established. The mean of those 
values was then used. Alternatively, in some tests 
photographs were obtained at frequent intervals as the 
near stagnation regions cleared and these mass transfer 
results were extrapolated to the stagnation point value. 
The first of these methods was more satisfactory, e. g. 
for the clearance pattern shown in Plate 5, the two of 
he were 304.6 and 297.6 W/M2K. This is, however, parti- 
cularly good because in most cases the difference bet- 
ween the two estimates lay between 5 -1076. 
(f) Air Flow Measurements 
For both the single and multiple jet arrangements, ori- 
fice plates (constructed according to B. S. 1042) were 
employed to measure the flow rates. The tolerance on 
the calibration of the orifice plates is about 1.5%. 
Errors in measuring the pressure difference were reduced 
by ensuring that the difference in height of the two 
cplumns-in the manometer was at least 150mm. If smaller 
differences occurred, an inclined alcohol manometer was 
substituted for the standard N%ter-filled manometer. 
Temperature Measurements 
As discussed earlier, the estimation of the naphthalene 
surface temperature is generally simplified by measuring 
the temperature of the impinging jet. In the present 
tests, the temperature measurements posed a more serious 
problem in the multiple jet arrangement. The individual 
temperatures measured at the surface of the plate varied 
by 0.3C, see Section 9.5 for details. This difference 
in temperatures can cause an error of about 37o (in the 
temperature rafige of the present tests, i. e. 17 -22C) in 
the values of the vapour pressure. I 
(h) Schmidt Number, Sc. 
The variation of the Schmidt number with temperature 
can be determined by using the expression quoted in 
Appendix C. In the present tests, the temperature var- 
ied from 17 to 22C and, for this range, the Sc can be 
treated as a constant. For example, at 15C, the Schmidt 
number is 2.455 and at 25C, Se =2.439. 
(g) 
Overall Accuracy 
A general estimate of the overall accuracy for the heat 
transfer coefficient can be obtai, ned. by considering in- 
dividual factors in equation 7.16, i. e. 
h= (m/Ant) PaCp (Rn*Tn/Pn) (SO/. Pr) 
2/3 
From the above discussions, it is fair to assume that 
the errors due to the time t, density of air Pa, sPOci- 
fic heat of air C gas constant Rn, temperature Tn and 
the Schmidt/PrandU numbers are negligible compared to 
errors in m/An and Pn- In the case of Im/An", an esti- 
mated error of ± 37o and for 'Pn' +_ 1.576 can be quoted. 
Thus, the overall accuracy could be approximately quoted 
as ± 576, assuming that the other factors contribute 
about half a percent of this figure. 
